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1.1 TROPICAL FRESHWATERS
The tropics comprise some of the most spectacular and extensive freshwater systems 
(including rivers, lakes and wetlands) in the world, hosting a rich biodiversity and providing 
important ecosystem services (Gibbs, 1993;  Gopal, 2015;  Junk et al., 2006a;  UNESCO, 
1998). The iconic Amazon floodplain and the Brazilian Pantanal, for example, are roughly 
40 and 4 times larger than The Netherlands, respectively. The Amazon floodplain extends 
for hundreds of kilometres from the permanent river channels to areas that remain dry for 
extended periods. In the Pantanal, the surface water area is quintuplicated during flooding, 
with an approximate surface of 11,000 km² during the dry, and 58,000 km² during the 
wet season (Moraes, Pereira & Cardozo, 2013). This extreme hydrological regime strongly 
influences organic matter input and output, and surface water O2 levels linked to this. As a 
consequence, nutrient cycling and GHG fluxes are also significantly affected (MEA, 2005; 
Junk et al., 2012). 
Tropical freshwaters are among the most productive areas in the world (Odum 1988). High 
solar irradiance and temperature, combined with high nutrient availability are, among other 
factors, boosting primary productivity (Lewis, 1987). In general, under constant nutrient 
availability, the primary production in the tropical freshwater systems tends to be at least 
two times higher than in their temperate counterparts (Lewis, 1996). The high growth 
rates of aquatic plants in the tropics (Jampeetong, Brix & Kantawanichkul, 2012) often 
leads to extensive vegetation beds in freshwaters (Pott et al., 2011; Junk et al., 2006b). This 
consequently leads to high carbon dioxide (CO2) uptake by the vegetation in terms of gross 
primary production (Morison et al., 2000; Chapter 2).
However, high biomass production also leads to high detritus (dead organic matter) 
formation due to plant die-off (Penha, da Silva & Bianchini-Júnior, 1999). Depending on the 
system, organic matter produced within water systems (autochthonous material) may make 
up a large share of the organic matter deposited on the sediment. In addition, allochthonous 
material – for instance from terrestrial vegetation or from freshwaters upstream – may 
also be an important source of organic carbon (OC) (Kendall, Silva & Kelly, 2001). Upon 
decomposition, carbon (C) formerly locked up in plant biomass becomes available again in 
the system, in addition to nutrients being mineralized simultaneously (Junk, 2017). To which 
extent the decomposed organic matter is re-used by aquatic primary producers, or out-
gassed to the atmosphere, depends on local conditions such as temperature, organic matter 
availability and decomposability, and the type and availability of terminal electron acceptors 
such as oxygen (O2) (Mendonça et al., 2012).
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Although the high productivity of tropical freshwater systems highlights these systems as 
potential C sinks, a large part of the CO2 converted into biomass is readily decomposed 
and outgassed, making tropical freshwaters also important sources of greenhouse gases 
(Almeida et al., 2017;  Abril et al., 2014;  Richey et al., 2002). CO2 emissions represent an 
important efflux of C from freshwater systems (Weyhenmeyer et al., 2012) and from entire 
basins (Richey et al., 2002). 
Low O2 concentrations, often occurring in tropical freshwaters as Amazon and Pantanal 
(Hamilton et al., 1997;  Devol et al., 1995) are one of the characteristics that make tropical 
freshwaters be considered to be the main natural source for methane (CH4) release to the 
atmosphere (Mitsch et al., 2009). The Amazon is estimated to emit 20% of the total CH4 
emitted by natural systems in the world (Wilson et al., 2016) with emission rates up to 240 
mg CH4 m
-2 day-1 (Ringeval et al., 2014). Emissions rates from Pantanal are also at the upper 
range of those reported for aquatic systems with emissions reaching 335 mg CH4 m
-2 day-1 
(Bastviken et al., 2010).
CH4 and CO2 are two of the major greenhouse gases (GHG) regulating the Earth’s climate 
(Page, Rieley & Banks., 2010), with CH4 being a 34 times stronger GHG than CO2 with respect 
to its radiative forcing (IPCC 2013). As the contribution of tropical freshwater is substantial on 
a global scale, studies focusing on quantifying the different GHG fluxes pathways (diffusive, 
ebullitive and plant-mediated transport) in these systems, and unravelling their drivers, are 
important to understand the world’s C budget.
1.2 CARBON CYCLE IN TROPICAL FRESHWATERS
High temperatures, as found in tropical freshwaters, induce high C mineralization rates 
leading to high CO2 production rates (Cardoso et al., 2014; Marotta et al., 2014). If the 
production of CO2 is higher than its consumption on an ecosystem scale and its partial 
pressure gets higher than in the atmosphere, CO2 will diffuse from the aquatic system into 
the atmosphere (Devol et al., 1987). On the other hand, the low concentration of O2 in the 
waters will slow down decomposition (Bianchini Junior et al., 2014). At low O2, i.e. anaerobic 
(low O2) or anoxic (no O2) conditions, thermodynamically less favourable electron acceptors 
will be used in microbially mediated redox processes, not only generating CO2 but also other 
GHSs such as CH4 (Reddy & DeLaune 2008). CH4 produced by methanogens, mainly in the 
sediment, may be released to the atmosphere through three main emission pathways: (i) by 
ebullition - CH4 produced in the sediment forms bubbles when its solubility concentration is 
surpassed, and the gas pressure of CH4 is higher than the hydrostatic pressure, leading to its 
Chapter 1
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rapid release from the sediment to the water surface; (ii) by plant-mediated transport - CH4 
passes from the pore-water or surface water through plant aerenchyma the atmosphere; 
(iii) and by diffusion driven by the differences in concentration between the sediment (pore-
water), the surface water, and ultimately the atmosphere (Fig. 1.1). 
Especially CH4 diffusing over the sediment-water interface and through the water column is 
prone to be oxidized by methanotrophs as it has the highest residence time in oxic conditions 
(Roslev & King, 1996). Up to 95% of the CH4 produced in the water system can in this way be 
oxidized before reaching the atmosphere (Bastviken, 2009). Aquatic macrophytes can form 
an important habitat for methanotrophs (Yoshida et al., 2014; Chapter 3) thereby potentially 
increasing the CH4 oxidation capacity of the system (Kosten et al., 2016). 
Whether C mineralization leads to CO2 or also to CH4 production, strongly depends on the O2 
conditions in the sediment. Radial oxygen loss by the roots of aquatic plants (Colmer, 2003) 
as well as O2 intrusion into the sediment due to bioturbation by benthic fauna may strongly 
favor the penetrance of O2 into the sediment layers, and thereby inhibit methanogenesis and 
increase CH4 oxidation (Caliman et al., 2013;  Leal et al., 2007). Moreover, bioturbation may 
cause sediment resuspension of organic matter from the anoxic to the oxic layer (Rahman 
et al., 2008a), where it may be decomposed under oxic conditions, thereby producing 
heterotrophic biomass and CO2 (Reddy & DeLaune 2008; Fig. 1.1). 
Figure 1.1. Scheme of the C cycle in a freshwater system considering the C input leading to the mineralization of 
organic carbon and release of CH4 and CO2.
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1.3 ANTHROPOGENIC IMPACTS ON TROPICAL FRESHWATERS
Human activities have significantly degraded the ecological quality and services of 
freshwaters (FAO, 2017a). As many people are living in and around freshwater ecosystems, 
negative impacts are in part inevitable. Threats that tropical freshwaters are facing include 
the construction of reservoirs for hydropower production (Winemiller et al., 2016), 
straightening of river channels to facilitate large ships, expansion of agriculture leading to 
water shortage, and erosion (Petry et al., 2011).  Anthropogenic activities have also greatly 
increased the input of nutrients (e.g. nitrogen and phosphorus) into freshwater systems, 
causing eutrophication with negative impacts on biodiversity, fisheries and water quality 
(FAO, 2017a). One of the symptoms of eutrophication is the excessive growth of free-floating 
macrophytes in the water systems, which may fully cover the system (Michelan, Dainez Filho 
& Thomaz, 2018) and lead to O2 depletion in the water layer (Caraco et al., 2006).
Yet another threat to tropical freshwaters is the invasion by exotic species (Junk et al., 2012). 
Invasive aquatic species have tend to have different strategies to survive and colonize water 
bodies and are able to adapt fast to distinct circumstances such as spatial heterogeneity, 
temperature and nutrient availability (Leuven et al., 2017;  Thomaz & Michelan, 2011). As 
a result, they are often strong competitors to the native species, which may result in the 
dominance of the invasive species. This change in species composition can have a profound 
impact on ecosystem functioning and nutrient cycling (McNeely et al., 2001).
1.4 ECOSYSTEM MODIFIERS IMPACTS ON GREENHOUSE GAS 
EMISSIONS FROM FRESHWATERS
Macrophytes and fish are known for their structuring role in aquatic ecosystems (Jeppesen 
et al., 2000;  Thomaz & Cunha, 2010). Some species have the potential to strongly modify 
the functioning of the ecosystem, which may include effects on GHG fluxes (Grutters et al., 
2017). Both non-indigenous and indigenous invasive macrophyte and fish species are known 
to thrive in eutrophic or hypertrophic aquatic systems outside their native range at a global 
scale. The assessment of their effects on ecosystem functioning is therefore very relevant. 
In my thesis I chose to focus on two common species that often occur at high densities, and 
potentially influence GHG emissions: water hyacinth and common carp. 
Water hyacinth (Eichhornia crassipes) is abundant in water bodies of Brazilian freshwaters 
of the Amazon and Pantanal, where it is native. Sometimes the plant covers the entire water 
body because of its efficient nutrient uptake and high growth rate. With respect the impact 
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of water hyacinth vegetation on GHG exchange, a dual effect may be expected. On the one 
hand, it may sequester high amounts of CO2, but on the other hand the high biomass and 
O2 depletion of the water layer below may enhance CH4 production. When rooting in the 
sediment, water hyacinth may facilitate the emission of CH4 produced in the sediment to the 
atmosphere (Chapter 2 and 4). 
Common carp (Cyprinus carpio) is well known worldwide because of the high density in rivers 
and ponds, and it its production for food. Common carp is the main fish used for aquaculture 
in the freshwater systems, and its behaviour as a sediment dwelling (benthivorous) fish 
can be expected to affect CH4 production in the sediment, by oxygenating the sediment. 
On the other hand, sediment resuspension provoked by its behaviour may also favor the 
decomposition of the organic matter in the upper, more oxygenated water layer, increasing 
CO2 release to the atmosphere.
1.4.1 Potential effects of water hyacinth on freshwaters greenhouse gas fluxes
Enchanted with the beautiful flower of water 
hyacinth, the manager of a reservoir in the Amazon 
decided to introduce the species into the reservoir. 
Nowadays, a huge problem of infestation occurs 
regularly, with plants fully covering the reservoir 
and clogging the turbines. Although water hyacinth 
has a beautiful flower and thereby embellishes the 
surroundings, it also provides a perfect habitat for 
many dangerous species such as snakes and caiman 
in many urban water bodies in the Pantanal infested 
by the plant. Removal of the plants from urban 
waters and reservoirs comes with considerable costs 
(personal observation and oral information from the 
manager).
Water hyacinth (Eichhornia crassipes Mart. Solms 
Pontederiaceae; Portuguese: aguapé; baronesa; Fig 
1.2) is a pan-tropical aquatic weed, also called water 
baroness, originating from the Amazonian basin in Brazil (Penfound & Earle, 1948). It is a 
free-floating macrophyte that forms two distinct canopies: leaf canopies comprising above-
water structures and root canopies comprising below-water structures (Downing-Kunz & 
Stacey, 2012). Water hyacinth’s petiole can be up to 60 cm long with bladder-like swellings, 
Figure 1.2. Water hyacinth, the species used 
in this thesis to unravel the effect of floating 
vegetation on GHG fluxes.
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either bulbous or elongated, consisting of large air cells providing buoyancy to the plant. 
The leaves can reach up to 30 cm in diameter. The root system consists of a main root with 
many laterals (CABI 2018). Massive root formation facilitates the plant’s nutrient uptake and 
vegetation expansion in oligotrophic waters (Xie et al., 2004). In shallow waters, the roots may 
become attached to the sediment (Jafari, 2010). Under suitable conditions, plant numbers 
can double within a few days (Gutiérrez et al., 2001). For these reasons, water hyacinth is 
also a strong invasive species outside its native range, and has successfully established itself 
in many freshwaters worldwide (Villamagna & Murphy, 2010). It has already been on the list 
of one the worst aquatic weed of the world for many years (CABI 2017). The introduction 
of water hyacinth, and its related problems became so severe that the European Union 
recently banned its commercialization in Europe, even for ornamental purpose (EU, 2017). 
Although the water hyacinth is native to Brazil, eutrophication and damming has led to 
problems by its excessive growth (e.g.Tanaka et al., 2002;  Rodrigues et al., 2015). The plant 
has been reported to reduce water flow, impede navigability, fishery and recreation, clog 
irrigation channels, and colonize areas designed for agricultural cultivation (GISP, 2005). 
Multiple studies have focused on the effect of water hyacinth on water quality, and also 
on its potential with respect to bio-energy and bio-utilization due to its efficient nutrient 
uptake and high biomass production (Villamagna & Murphy, 2010). The species can reach a 
growth rate of 40 g m-2 day-1 at high nutrient levels (Reddy, Agami & Tucker, 1989), which is 
higher than that of cultured crops such as hybrid maize, 38 g m-2 day-1 (Fetahu et al., 2014), 
and rice, 21 g m-2 day-1 (Thuy & Saitoh, 2017). The high growth rate has been attributed 
to its extensive root system (Xie et al., 2004), hosting a rich microbial community in the 
rhizosphere (Chapter 3) that may contribute to nutrient uptake. The high growth rates and 
formation of large vegetation beds have recently gained attention as potential strong CO2 
sinks. As an example, a research conducted in Pantanal showed that the vegetation may 
offset open water emissions because of its high CO2 uptake capacity (Peixoto et al., 2016).
 
However, this high biomass formation also leads to a decrease in O2 concentration in the 
water column (Chapter 2 and 4), because of the barrier created for gas exchange between 
water and atmosphere, and by the suppression of phytoplankton production due to light 
deprivation (Reddy & DeBusk, 1991b). Moreover, this high biomass production also leads 
to the production of large amounts of organic matter. Water hyacinth can produce 3.7 g of 
detritus m-2 day-1 in eutrophic systems (Moorhead, Reddy & Graetz, 1988), which is higher 
than other fast-growing aquatic species such as Phragmites australlis, showing a detritus 
production of 0.9 g m-2 day-1 (Li et al., 2016). Low O2 levels underneath water hyacinth beds 
in concert with high organic matter production favor methanogenesis. This likely explains 
why the species was reported to stimulate CH4 production in the sediment and its release 
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to the atmosphere (Banik, Sen & Sen, 1993). There is, however, controversy in literature 
regarding the effect of the plant on CH4 emissions, as another study showed that water 
hyacinth decreased CH4 emissions. This was probably because of higher CH4 oxidation rates 
supported by the methanotrophic community hosted by water hyacinth roots (Attermeyer 
et al., 2016). Therefore, the effect of water hyacinth on the GHG fluxes remains unclear. 
The fact that the species is a potent invader of freshwaters that forms extensive beds, both 
within and outside its native range, implies a significant role as a regulator of regional C 
budgets, calling for more research (see Chapter 2, 3 and 4).
1.4.1 Potential effects of common carp on greenhouse gas fluxes
Native to Asia, common carp (Cyprinus carpio 
Linnaeus, Cyprinidae; Portuguese: carpa, carpa-
comum; Fig. 1. 3) is known as the queen of rivers. 
The species has been known for more than 2000 
years, when the Asians appreciated its taste and 
incorporated the fish as protein supply (Balon, 
1995). It is an omnivorous, benthic fish foraging 
and resting near the sediment (Rahman et al., 
2008b). Common carp reaches up to 110 cm (31 cm 
on average) and weighs up to 40 kg. The species tolerates a wide range of environmental 
conditions, e.g. low temperatures in winter even though its growth optimum is between 
23 and 30 °C, a wide pH range up to 9, and low O2 concentrations (< 1 mg l
-1 )(CABI 2017). 
Naturally, common carp is present in rivers, streams, flooded areas, as well as in ponds. It is 
also present in eutrophic ponds with a muddy soil and dense vegetation (GISP, 2005). 
Because the fish tolerates a broad range of environmental conditions, adapts fast, and 
colonizes large areas (Rahman, 2015a), it rapidly spread over the world. It was introduced 
in 121 countries and established itself in 91 of them (Casal, 2006). Therefore, common 
carp is the third most introduced species in the world (Welcomme, 1992), and one the 
most cultivated in aquaculture, representing up to 70% of the total global freshwater fish 
aquaculture (FAO, 2017b).
However, there is an enormous risk of ecosystem degradation connected to the introduction of 
common carp (Zambrano, Scheffer & Martınez-Ramos, 2001). Its colonization in freshwaters 
has been reported to have dual effect on fisheries: on the one hand it presents a cheap food 
source, but on the other, it causes a decline of the catch of local commercial species because 
of overcrowding in ponds (Khan et al., 2016). Additionally, the species has been reported to 
Figure 1.3. Common carp, the species used in 
this thesis to unravel the effect of benthivorous 
fish on GHG fluxes.
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increase phosphorus (P) levels in the water column due to bioturbation-induced stimulation 
of P mineralization in aerobic layers (Zambrano & Hinojosa, 1999;  Schrage & Downing, 
2004). This enhances phytoplankton growth and decreases water quality because of the 
eutrophication caused (Jackson et al., 2010). As the increase in chlorophyll concentrations 
leads to high diel respiration and die-off of algae, fish bioturbation was shown to decrease O2 
concentrations in the water column (Chen et al., 2015). Moreover, because of bioturbation 
a large part of the easily degradable matter is suspended to the oxic water column (Ritvo, 
Kochba & Avnimelech, 2004), which increases CO2 formation. This is one of the main 
reasons why polycultures containing common carp are often reported to present high CO2 
concentrations in the water column and high CO2 release to the atmosphere (Xiong et al., 
2017;  Chen et al., 2015). 
The low O2 concentration in waters where fish was introduced may also be the reason for 
high CH4 release rates (Datta et al., 2009;  Frei & Becker, 2005;  Frei et al., 2007). Considering 
the fact that that low O2 concentrations in the water column decrease CH4 oxidation rates 
and stimulate methanogenesis (Bastviken, 2009), this is not surprising. However, the studies 
showing increased CH4 emissions by the introduction of common carp mainly focused on 
waters with a high nutrient input, either to promote fish production or to stimulate the 
growth of associated crops. These eutrophic or hypertrophic conditions may well have 
contributed to the high CH4 production rates in the sediment, making it difficult to assess 
the direct effect of the fish. Special attention has been paid to mixed cultures (different 
species of fish along with different plant species), food supply, and harvesting, representing 
multiple effects on the environment, in which the direct effect of fish on GHG fluxes has 
been neglected.
Contrasting the studies that report fish-induced stimulation of the CH4 release, others 
showed that even micro-bioturbation increases O2 concentrations in the sediment 
(Sturdivant, Diaz & Cutter, 2012;  Baranov, Lewandowski & Krause, 2016), which leads to 
increased CH4 oxidation (Treude & Ziebis, 2010). Therefore, bioturbation by fish might 
also lead to lower CH4 fluxes. Moreover, bioturbation may also prevent the build-up of 
gas bubbles in the sediment due to additional sediment oxygenation (Leal et al., 2007), 
thereby decreasing the ebullitive flux of CH4 to the atmosphere. This possible effect would 
imply a considerable reduction of the total greenhouse gas emission from aquatic systems 
containing high numbers of benthivorous fish. 
Hence, the effect of common carp on the GHG fluxes is still unclear. Therefore, as the species 
is widely present in freshwaters, its effect on GHG budgets must be considerable.
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1.5 THIS THESIS
It is well known that freshwaters play important role in global GHG fluxes (Mitsch et al., 
2009;  Bastviken et al., 2011;  Raymond et al., 2013). Still, the role of plants and fish in 
the regulation of these fluxes in freshwater systems remains unclear. The main goal of this 
thesis is therefore to unravel the effects of aquatic species on the biogeochemistry of their 
environment, particularly with respect to the emission of GHGs (CH4, CO2). 
To answer my specific research questions and test my hypotheses (Table 1.1), I conducted 
an extensive field work campaign and a number of laboratory experiments (indoor and 
Table 1.1. Thesis delineation showing research questions and hypotheses for each chapter.
Chapter Questions Hypotheses
2 What is the effect 
of water hyacinth 
on GHG fluxes in 
freshwater systems?
(1) Water hyacinth beds reduce water column O2 concentrations, 
resulting in higher CH4 emissions. At low open water O2 concentrations, 
their effect will be limited or even opposite.
(2) High vegetation density reduces the CH4 ebullitive flux to the 
atmosphere by trapping bubbles.
(3) Roots accessing the sediment increase CH4 emissions due to plant-
mediated transport, and increase CO2 uptake due to access to additional 
nutrient pools.
 (4) CO2 uptake by water hyacinth offsets CH4 emissions from the 
vegetation bed, as well as CO2 and CH4 emissions from the open water.
3 What is the 
composition of 
water hyacinth’s 
rhizobiome, and 
how is this related 
to environmental 
conditions?
(1) Microbial taxa and their functions are conserved over an 
environmental gradient, composing a core microbiome;
(2) Water conditions of each freshwater system select for distinct 
microbial taxa and functions; 
(3) Water hyacinth growth and decay affect the microbial community 
quantitatively and compositionally.
4 Can the variability in 
the effect of water 
hyacinth on GHG 
fluxes be explained 
by different plant 
densities and the 
position of the roots 
(water column versus 
sediment)?
(1) An increase in coverage may either increase or decrease CH4 
emissions, depending on either the enhancement of methanogenesis 
due to lower O2 concentrations, or the increase in CH4 oxidation due to a 
higher root biomass and associated methanotrophic community. 
(2) CO2 uptake rates are highest when plants have access to nutrients in 
the sediment. 
(3) CH4 diffusive emissions increase when plants are able to root into the 
sediment.
5 Does bioturbation 
provoked by 
common carp affect 
GHG fluxes and 
nutrient dynamics?
(1) Fish bioturbation reduces sediment phosphorous (P) release as a 
result of increased iron (Fe) oxidation in the sediment top layer.
(2) Bioturbation reduces CH4 diffusion and ebullition to the atmosphere 
due to enhanced sediment oxygenation.
(3) Bioturbation promotes the overall decomposition in the sediment 
and water column, consequently increasing CO2 emissions.
6 What is the 
overall effect of 
floating plants and 
benthivorous fish 
on GHG fluxes in 
freshwater systems?
In the synthesis I discuss the different mechanisms by which GHG 
fluxes are affected by the species studied in the thesis in relation to the 
hypotheses.
General introduction
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outdoor; Fig. 1.4). In Chapter 2, I show and discuss the results of measuring GHG fluxes at 22 
sites in Amazon and Pantanal where water hyacinth was present, to unravel the main drivers 
of GHG production. From these sites we also collected water hyacinth roots and analyzed 
the microbial communities present in relation to environmental factors (Chapter 3). Chapter 
4 shows a controlled greenhouse experiment comparing the effects of rooted and floating 
water hyacinth, at different densities on GHG fluxes. Chapter 5 presents a controlled, 
outdoor mesocosm approach to unravel the effect of common carp on GHG fluxes. 
Figure 1.4. Infographic showing the approaches used in this thesis to unravel the potential roles of floating plants 
and benthivorous fish as drivers of greenhouse gas fluxes in freshwaters. 

CHAPTER 2 
Water hyacinth’s dual role in 
directing greenhouse  gas fluxes: 
a large-scale field study in  the Amazon and  Pantanal
Ernandes Sobreira Oliveira Junior; Tamara J.H.M. van Bergen; Janne Nauta; Andrea Budiša; Ralf C.H. Aben; 
Stefanus T. Weideveld; Célia A. de Souza; Claumir C. Muniz; Jan Roelofs; Leon P.M. Lamers; Sarian Kosten. 
Water hyacinth’s dual role in directing greenhouse gas emissions: 
a large-scale field study in the Amazon and Pantanal – Submitted. 
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ABSTRACT
Water hyacinth (Eichhornia crassipes), a fast-growing floating macrophyte forming extensive 
floating mats, is able to sequester large amounts of carbon dioxide (CO2) in tropical and 
subtropical wetlands. At the same time, however, the high production of organic matter 
combined with the plant’s capacity to limit oxygen (O2) penetration from the atmosphere 
into the water column creates favorable conditions for the production of the potent 
greenhouse gas (GHG) methane (CH4). In shallow waters the plant may root in the sediment, 
enhancing CH4 emissions through direct plant-mediated transport. On the other hand, the 
plant also releases O2 in its rhizosphere favoring CH4 oxidation. The combination of these 
different mechanisms challenges the prediction of water hyacinth’s net effects on GHG 
exchange as the balance between plant-driven CO2 uptake, CH4 emission and CH4 oxidation, 
determines whether a water body is a GHG source or sink. To unravel the impact of water 
hyacinth on GHG fluxes, we performed an extensive fieldwork study encompassing 22 
sites dominated by water hyacinth vegetation in the Pantanal and Amazon (Brazil) during 
two different seasons. The emission of CH4 to the atmosphere is mostly limited to shallow 
systems, where sediment rooting enabled plant-mediated CH4 transport. By covering the 
water column, water hyacinth restricts the release of CH4 bubbles. When CO2 uptake rates 
are added to the GHG budget (in terms of global warming potential), the vegetation can 
be either a GHG source or sink. In shallow systems (< 1m) water hyacinth vegetation is 
a net GHG emitter, whereas in systems deeper than 2 m the potential to be a net GHG 
sink increases according to the depth, where denser vegetation is present. Our study shows 
that water hyacinth dominated wetlands can be either sources or sinks of GHG, depending 
on water depth and plant biomass. This substantial dual effect highlights the necessity 
to include vegetation characteristics in relation to depth when estimating GHG fluxes for 
tropical wetlands including lakes. 
Keywords: Eichhornia crassipes, invasive species, methane emission, carbon dioxide, global 
warming, climate change, tropical wetlands.
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2.1 INTRODUCTION 
Legend has it that during the Paraguay war in South America (1864-1870), Paraguayan 
soldiers planned to invade the city of Cáceres in the northeast of the Pantanal. The citizens 
prayed to Saint Anthony for divine protection. Subsequently, by providence, massive stands 
of water hyacinth came floating down the river, blocking the passage of the Gayva lagoon 
and preventing the Paraguayan boats from reaching the city. The soldiers could do nothing 
but return back downstream (Chaves & Arruda, 2011). Water hyacinths are thus – allegedly 
– capable of changing the outcome of a war, but the plant has many other capacities. The 
species is worldwide known as a notorious invader of freshwater systems such as floodplain 
lakes, freshwater marshes, hydroelectric reservoirs and urban ponds (Carvalho et al., 2003; 
Cavenaghi et al., 2005;  Zampin, Ribeiro & Martini, 2017;  Téllez et al., 2008), capable of 
completely covering a water body in a few days (Penfound & Earle, 1948) and outcompeting 
the original vegetation (Villamagna & Murphy, 2010). It has recently been shown that the 
plant can offset CO2 emissions from freshwaters through its high primary production rates 
(Peixoto et al., 2016). Its net effect on total greenhouse gas (GHG) emissions, however, 
remains ambiguous, as water hyacinth beds have been found to be able to both increase 
(Banik, Sen & Sen, 1993b; Bastviken et al., 2010) and decrease (Attermeyer et al., 2016) 
methane (CH4) emissions from water bodies. As water hyacinth beds cover vast areas of 
tropical water bodies, it is vital to gain more insight into the drivers determining the outcome 
with respect to net GHG fluxes. 
The massive stands of water hyacinth strongly affect ecosystem processes and functioning. 
They hamper oxygen (O2) exchange between atmosphere and water, and strongly reduce 
light penetration (Rommens et al., 2003; Mironga, Mathooko & Onywere, 2012) decreasing 
phytoplankton production (Mironga, Mathooko & Onywere, 2011). Additionally, decaying 
plant material provides large amounts of organic matter to the system (Reddy & DeBusk, 
1991). The ample availability of easily decomposable organic matter combined with the 
anoxic conditions may well fuel CH4 emissions (Bastviken et al., 2008). This likely explains 
why floating vegetation was found to increase CH4 emissions to the atmosphere (Bastviken 
et al., 2010). Nevertheless, CH4 diffusive emissions could also be reduced in the presence 
of water hyacinth (Attermeyer et al., 2016). Low CH4 emissions from water hyacinth beds 
compared to the open water may be explained by the low gas transfer velocity in dense plant 
beds (Kosten et al., 2016). In addition, the consequent build-up of CH4 in the rhizosphere of 
the floating plants may lead to high CH4 oxidation rates fueled by radial oxygen loss (ROL) 
by water hyacinth’s roots (Hamilton, Sippel & Melack, 1995; Yoshida et al., 2014). Model 
simulations point out that up to 70% of the CH4 production below water hyacinth beds may 
in this way be oxidized before it reaches the atmosphere (Kosten et al., 2016). Moreover, 
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the same study showed that high densities of water hyacinth decrease CH4 ebullition to the 
atmosphere, trapping the bubbles before reaching the atmosphere. On the other hand, the 
high CH4 concentrations below the plant bed may also lead to high plant-mediated transport. 
Plant-mediated transport is one of the most important CH4 emission pathways in shallow 
waters (Carmichael et al., 2014), responsible for 31 to 96% of the total CH4 emitted from 
wetlands (Dorodnikov et al., 2011;  Whiting & Chanton, 1992). Plant-mediated transport 
is likely to be strongest when the roots are exposed to high CH4 concentrations as typically 
occur in the sediment. Mesocosm experiments indeed revealed that when water hyacinth 
roots into the sediment, which occurs in shallow waters, CH4 emissions increase (Chapter 4).
Although it is known that aquatic plants greatly influence GHG emissions from wetlands, 
studies focusing on water hyacinth’s effects in tropical systems are scarce (but see Bastviken 
et al., 2010;  Banik, Sen & Sen, 1993;  Attermeyer et al., 2016;  Peixoto et al., 2016). In 
order to unravel the ambiguous effect of water hyacinth on GHG emissions under a wide 
range of natural conditions, we executed a large field campaign in two of the largest tropical 
wetlands: the Amazon and the Pantanal. Both wetlands are known for their substantial 
CH4 emissions with yearly emissions estimated to be 42.7 Tg of CH4 yr
-1 for the Amazon 
basin (Pangala et al., 2017) and 3.3 Tg CH4 yr
-1 for the Pantanal (Marani & Alvala, 2007). The 
comparison between open water and water hyacinth bed will shed light on the overall effect 
of water hyacinth on sediment and water column processes, as well as on the resulting 
water-atmosphere gas fluxes.
We hypothesized that the major variables determining the impact of water hyacinth on GHG 
fluxes are the O2 concentration in the water and the depth of the water table. Specifically, 
we hypothesized that: 1) water hyacinth vegetation reduces water column O2 concentrations 
strongest when open water O2 concentrations are highest, resulting in a higher CH4 emission 
from the vegetation. On the other hand, at low O2 concentrations in the open water, the 
effect of water hyacinth beds on O2 concentrations and CH4 emissions will be limited or 
even opposite (i.e. higher emissions from the plant bed than from the open water); 2) A 
high density of the vegetation reduces the ebullitive CH4 flux to the atmosphere by trapping 
bubbles (Chapter 4;  Kosten et al., 2016); 3) when plants are rooted in the sediment CH4 
emissions are highest due to plant-mediated transport, and CO2 uptake will be strongest as 
the roots will have access to additional nutrient pools enabling higher growth rates (Chapter 
4); 4) CO2 uptake by water hyacinth offsets CH4 emissions from the water hyacinth bed as 
well as total CO2 and CH4 emissions from the open water. 
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2.2 MATERIALS AND METHODS 
2.2.1 Study sites
We sampled 22 water systems in which water hyacinth was present in the tropical wetlands 
Amazon and Pantanal (Fig. 2.1). The systems comprised natural water bodies (n = 5 in 
Amazon, n = 6 in Pantanal), hydroelectric reservoirs (n = 6 in Amazon), and urban lakes 
(inside of the city n = 5 in Pantanal). 18 sites were sampled twice between January and 
June of 2015 with an interval of at least 3 months, in order to assess seasonal differences. 
In general summer is wetter and water levels are higher than in autumn in both regions 
(Franca, 2015;  Machado et al., 2014). Water bodies were selected in a way to cover a wide 
range in water hyacinth densities, water depths, and O2 concentrations. In each water body 
measurements were conducted at three sub locations to assess the effect of water hyacinth 
on freshwater GHG emissions: in the open water (as three water bodies were fully covered 
with water hyacinth, no open water could be sampled here); inside of the water hyacinth 
bed; and in a 1 m² quadrant within the water hyacinth bed from which we had removed 
all plants. After removing the plants, we waited for at least 10 minutes before performing 
Figure 2.1. Locations of the 22 different sampling sites.
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measurements in the quadrant. We postulated that water temperature, O2 concentration, 
and sediment composition in the quadrant would not differ from the surrounding bed, which 
enables us to assess the direct plant effect on the water-atmosphere CO2 and CH4 fluxes.
2.2.2 Plant and environmental characteristics 
Plant density was assessed by harvesting all plants in a quadrant of 50 cm². The biomass 
above and below the waterline was determined separately. Harvested biomass was 
centrifuged in a net, after fresh weight had been determined. The fraction of dry weight was 
determined by drying a subset of 3 samples at 70 °C for at least 2 days. The maximum length 
of the leaves and roots were determined with a ruler directly after harvesting. When the 
roots could reach the sediment, the water hyacinth bed was classified as ‘rooted’, otherwise 
as ‘free-floating’.
 
Water depth was measured using a Secchi disk. Intact sediment cores were taken in 
triplicate, inside and outside the water hyacinth bed using a Uwitec Corer gravity sampler 
(Niederreiter Richard, Uwitec, Mondsee, Austria). The upper 5 cm of one of the cores 
taken was used to analyze moisture and organic matter content. To determine moisture 
content, sediment samples were weighed and subsequently oven-dried at 105 °C for at 
least 24 hours. Organic matter content was determined via loss on ignition. Dried sediment 
samples were incinerated for 4 hours at 550 °C (Heiri, Lotter & Lemcke, 2001). The resulting 
weight loss was assumed to be proportional to the amount of organic carbon in the sample. 
During the day time (approximately at 11:00) and during the night (~23:00), oxygen, pH and 
temperature were determined using a portable multi-meter (HQ40d multi, HACH, Loveland, 
Colorado, U.S.A.) at 20 cm below the water surface and ~5 cm above the sediment. 
2.2.3 CH4 concentration (surface, bottom and pore-water)
Surface water (about 5 - 10 cm below the surface) was sampled during day time using a 20 
ml plastic syringe. Subsequently, samples were transferred to vacuumed 12 ml Exetainers® 
(Labco Limited, Lampeter, UK). Water just above the sediment – bottom water (~ 5 cm) 
– was sampled using a van Dorn bottle. After emerging the van Dorn bottle, water was 
immediately subsampled using syringes to minimize gas release. Subsamples were then 
transferred to vacuumed 12 ml Exetainers. 
Pore-water samples were collected in the sediment core using soil moisture samplers 
(Rhizons, Eijkelkamp, Giesbeek, Netherlands) inserted at a depth of 5 cm. Pore-water samples 
were stored in 3 ml Exetainers®. To halt microbial activity, 0.1 ml of a 7.4 g l-1 of mercury 
chloride (HgCl2) solution was added to the samples resulting in a final HgCl2 concentration 
of ~1% in the surface water and ~ 3% in the pore-water samples. All samples were stored 
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in the dark at 4 °C. In the laboratory, Exetainers were supplied with a 1.5-2 ml and 0.5-1 
ml N2 headspace for 12 ml and 3 ml samples, respectively. Subsequently the sample was 
vigorously shaken and after waiting approximately 1 minute, a 100 μl sample of headspace 
was measured on a HP 5890 gas chromatograph equipped with a Porapak Q column (80/100 
mesh) and a flame ionization detector (GC-FID, Hewlett Packard, USA). The exact volume 
of the headspace was determined by subtracting the weight of the Exetainer from a pre-
determined weight of the Exetainer, fully filled with water. Finally, the concentration of 
CH4 dissolved in the sample was calculated using Henry’s law (Sander 1999). Henry’s law 
constant (KH) can be expressed as the dimensionless ratio (KHCC) between the aqueous and 
gas phase (Eq.2.1):
 (Eq. 2.1)
Where ca is the concentration of a substance in the aqueous phase, cg the concentration of 
a substance in gas phase, R is the gas constant (L atm mol-1 K-1) and T temperature (K).
2.2.4 CH4 and CO2 diffusive fluxes
Diffusive water-atmosphere fluxes of CH4 and CO2, plant-mediated transport of CH4, and 
plant CO2 uptake and/or release (further referred to as: diffusive fluxes) were measured 
using a transparent plexiglas floating chamber (29 cm diameter, 30 cm height; Fig. 2.2) 
deployed from a boat in the open water, in the water hyacinth bed, and in the quadrant 
from which we had removed the plants, during day and night time. The chamber was 
connected to an Ultraportable Greenhouse Gas Analyzer (Los Gatos Research, Inc. USA.) by 
2 transparent gas-tight tubes of each 5 meters creating a closed loop (see Almeida et al., 
(2016) for details). Measurements were conducted three consecutive times for 2-5 minutes 
each. Only a linear change in the CH4 concentration was used to solely quantify diffusive 
fluxes. In case of an abrupt increase in CH4 concentration – caused by bubbles – the chamber 
was removed, ventilated, and the measurement was repeated. The slope of CH4 and CO2 
concentration over time was used to calculate the gas flux as follows (Eq. 2.2):
         
    (Eq. 2.2)
F is the gas flux (mg m-2 d-1), V is chamber volume (L), A is the area of the chamber surface (m2), 
slope is the dynamic of GHG concentration over time (ppm second-1); P is the atmospheric 
pressure (atm); F1 is the molecular weight of a gas (16 g mol-1 for CH4, and 44 g mol
-1 for 
CO2); F2 is the conversion from seconds to days; R is the ideal gas constant (0.0821 L atm 
mol-1 K-1); and T is the gas temperature (K).
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2.2.5 CH4 ebullition 
Gas-tight bottles (600 mL) completely filled with water were attached to inverted funnels 
with an area of 0.28 m² and deployed for 24 hours to quantify ebullition (sediment bubble 
release). To test whether plants could prevent bubbles from reaching the atmosphere (as 
experimentally shown by Kosten et al. (2016)), we attached a mesh (mesh size 2 cm) to 
the lower part of the inverted funnels that were placed in the water hyacinth bed. Before 
placing the funnels, we removed all plant parts above the waterline. The plant parts below 
the water line (roots and the part of the bulb) were pushed down below the funnels (Fig. 2.2). 
The bottles containing bubbles where carefully removed from the structure and closed inside 
of the water. The bottles remained upside down in a bucket containing water, in order to 
avoid any gas leakage in the transportation from the field to the laboratory. The gas sample 
from the bottles were taken simply by inserting a 1 ml syringe in a pre- made puncture in 
the rubber of the lid. CH4 concentration in the trapped gas was measured in duplicate by 
injecting 200 µl in a 150 ml chamber connected to the greenhouse gas analyzer in a closed 
loop. The chamber was provided with a lid sealed with a rubber stopper, where injections 
were conducted. The total volume of the bubbles trapped was measured by filling the 
bottles with a known amount of water, summed up with the gas removed for concentration 
measures. The CH4 ebullitive efflux was calculated by multiplying the volume of captured gas 
by the CH4 concentration, and subsequently dividing this by the surface area of the inverted 
funnel and the exact duration of funnel deployment.
Figure 2.2.Scheme of the sampling method for the diffusive and ebullitive fluxes. Inverted funnels illustrate the 
bubble traps within the water hyacinth bed and in the open water. Above water-line biomass (leaves and petioles) 
of water hyacinth were removed, the roots and part of the bulbs were pushed down with a mesh placed below 
the funnels.
Water hyacinth’s dual role in directing greenhouse gas fluxes: a largescale field study in the Amazon and Pantanal
29
2
2.2.6 Global Warming Potential (GWP) 
We calculated diel fluxes as the average of our day and night time measurements (day length 
is approximately 12 hours at our sampling sites). The global warming potential (GWP) of the 
total GHG fluxes (CO2 and CH4 diffusive flux, and CH4 ebullition) was calculated by multiplying 
all CH4 fluxes to CO2 equivalents using a GWP of 34 (corresponding to the radiative forcing of 
CH4 in a 100 years’ horizon (Myhre et al., 2013), and subsequently summing the individual 
GHG fluxes. 
2.2.7 Statistical analysis
A Kolmogorov-Smirnov test was conducted to test the distribution of the errors. Non-
normal data were log transformed. Paired t-tests were conducted to compare the variables 
measured in the open water and inside the water hyacinth bed; and in the quadrant from 
which the plants were removed and water hyacinth bed.  A stepwise multiple regression was 
conducted to identify the best predictors explaining the variation in CH4 and CO2 diffusive 
flux, ebullitive flux, and the total GHG emission in CO2 equivalents. A test of collinearity was 
conducted to check if one or more variables are related according the variance inflation 
factor (VIF), and none of them showed collinearity. A paired t-test was performed to check 
for significant differences in GHG emissions between summer and autumn. We used the 
ratio between the emissions from the water hyacinth bed and the open water to zoom 
in further on the differences between both habitats. To unravel under which conditions 
plant beds compensate for open water emissions, we tested for correlations between the 
ratio of plant bed to open water emissions on the one hand, and environmental conditions 
on the other hand. All statistical analyses were performed using SPSS (V21; IBM Statistics, 
2012). Differences were considered significant when P < 0.05. All values are reported ± their 
standard deviation throughout the entire manuscript.
2.2 RESULTS
2.2.1 Plant characteristics and environmental conditions.
We found water hyacinths to be present in waters varying in depth from only 3.5 cm to 8.2 
m. Water hyacinth individuals varied greatly in morphology. Leaf lengths varied from 11 to 
88 cm and root lengths ranged from 10 to 75 cm. In shallow waters (defined as less than 
55 cm deep) the plant roots generally reached the sediment (n = 7). Water hyacinth areal 
density varied between 1.9 to 19.7 kg wet weight (ww) m-2. The size of the water hyacinth 
beds strongly varied (20 m² to 25 x 103 m²). In some cases, the plants covered the entire 
water body (n = 3). 
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A regression between the surface water O2 concentrations in the open water and in the 
water below the water hyacinth beds showed positive relationship (R² = 0.84, df = 1, F = 
357.91, P < 0.05; Fig. 2.3). At values below ~3 mg l-1, surface water O2 concentrations in the 
water hyacinth bed and open water were very similar. However, above this concentration in 
the open water, O2 in water hyacinth beds became increasingly lower relative to open water 
concentrations. Overall, O2 concentrations below the water hyacinth beds were 23 and 27% 
lower than in the open water, both during the day (paired t-test; t = 3.65, df = 32, P < 0.01) 
and during the night time (paired t-test; t = 3.70, df = 32, P < 0.01) respectively. Still, at some 
locations O2 concentrations below the water hyacinth bed were higher than in the open 
water (in 20% and 15% of the locations during day and night time, respectively). 
Sediment organic matter contents were slightly, though significantly higher under the water 
hyacinth beds (13.89 ± 8.67%) than in the open water (11.88 ± 7.62%; paired t-test; t = 
1.20, df = 29, P < 0.05), and were positively related to the biomass density formed by water 
hyacinth bed (R² = 0.21, F = 9.41, P < 0.001).
Due to the intense amount of rain, a delay in the ebb of the waters led to approximately 
identical depths during the two seasons sampled. Water temperatures tended to be slightly 
(around 29 ℃) higher during summer, both in the water hyacinth bed and the open water. O2 
concentrations were significantly lower in summer, but only in the open water. 
Figure 2.3. Surface water O2 concentration in the water hyacinth bed and open water at 34 sample sites during day 
and night time. No difference was found between the regression lines of day and night measurements (intercept 
and slope P > 0.05), therefore, we present the regression line for the entire group of data. Solid line represents the 
1:1 line.
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2.3.2 Plant effect on CH4 emission
In 64% of our observations, surface water CH4 concentrations in the water hyacinth bed 
were lower than in the open water (paired t-test; t = 2.19, df = 25, P < 0.05). On average, 
the CH4 concentration in the bed was 4.76 ± 1.49 µmol l
-1 and in the open water 5.02 ± 
1.43 µmol l-1. No differences were observed for bottom (just above the sediment) and pore-
water CH4 concentrations between water hyacinth bed and open water. Surface water CH4 
concentrations were 72 - 77% higher in summer than in autumn, both in the open water and 
in the water hyacinth bed respectively. Pore-water CH4 concentrations were also higher in 
summer, but only in the open water.
Diel emissions of CH4 from the water hyacinth bed and open water were highly variable. 
The CH4 diffusive emissions – including direct water-atmosphere diffusive and the plant-
mediated flux - ranged from 0.61 to 1,087 mg CH4 m
-2 day-1 in the water hyacinth bed, and 
1.17 to 780.46 mg CH4 m
-2 day-1 in the open water (Fig. 2.4). In agreement with the lower 
dissolved CH4 concentrations below the water hyacinth bed, the CH4 diffusive emissions 
from the bed were overall lower than those from the open water (paired t-test; t = 6.73, df = 
29, P < 0.01; Fig. 2.4). In 21% of the observations, however, the CH4 diffusive emissions from 
the bed were higher than those from the open water. Higher emissions from the bed than 
from the open water mainly occurred in very shallow systems where water hyacinth was 
able to root in the sediment. Indeed, emissions from rooted water hyacinths were higher 
than those from free-floating plant beds (independent samples t test; t = 9.025, P < 0.001; 
Fig. 2.5). The importance of rooting in the sediment with respect to CH4 emissions from 
water hyacinth beds was substantiated by the model best describing the diel CH4 diffusive 
emissions which included the variables “length of roots” and “depth of the water column” 
(Table 2.1).
We found no significant difference between day and night time CH4 diffusive emissions in 
the water hyacinth bed (paired t-test; t = 0.276, df = 36, P > 0.05). The CH4 diffusive fluxes 
were best explained by depth and length of roots (Table 2.1). In contrast to our observations 
in the bed, in the open water the diffusive fluxes differed between day and night time fluxes 
(46.54 ± 122.65 mg CH4 m
-2 day-1) being slightly higher than night time fluxes (44.05 ± 157.68 
mg CH4 m
-2 day-1) (paired t-test; t = 2.63, df = 30, P < 0.05). In the open water O2 appeared 
to be the main predictor of CH4 diffusive emission. In the quadrant from which we had 
removed the plants, CH4 diffusive emission was 57% lower compared to the water hyacinth 
bed (28.28 ± 15.58 mg CH4 m
-2 day-1; paired t test; t = 2.36, df = 73, P < 0.05). No seasonal 
differences were found for the CH4 diffusive fluxes.
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Although only marginally significant, CH4 ebullitive flux from the water hyacinth bed was 
on average lower (15.72 ± 28.51 mg CH4 m
-2 day-1) than in the open water (16.97 ± 38.26 
mg CH4 m
-2 day-1; paired t test; t = 0.634, df = 33, P = 0.53; Fig. 2.4). None of the measured 
variables could explain CH4 ebullitive flux in the water hyacinth bed and in the open water. 
In the quadrant from which we had removed the plants, the CH4 ebullitive emission to the 
atmosphere almost doubled, increasing to 29.35 ± 42.16 mg CH4 m
-2 day-1, compared to the 
ebullitive flux from the water hyacinth bed (paired t test; t = 2.35, df = 36, P < 0.05). The 
ebullitive flux contributed for 38 ± 36% to the total CH4 flux from the water hyacinth bed, 
and in the open water its contribution was 27 ± 31%. Total CH4 emissions (sum of diffusive 
and ebullitive fluxes) were 64.70 ± 194.44 mg CH4 m
-2 day-1 in the water hyacinth bed, and 
66.16 ± 167.97 mg CH4 m
-2 day-1 in the open water (Fig. 2.4). Total CH4 fluxes in the water 
hyacinth bed were lower than in the open water in 61% of the sites (paired t test; t = 1.75, 
df = 33, P = 0.08). No seasonal differences were found for CH4 diffusive, ebullitive and total 
CH4 fluxes for both locations, in the water hyacinth bed and in the open water (paired t-test; 
P > 0.05).
Figure 2.4. Diel diffusive, ebullitive, and total CH4 emissions from the water hyacinth bed (n = 36) and the open water 
(n = 33) of all sampling sites and seasons. Lines within boxes denote median fluxes. Boxes represent the 25th and 
75th percentiles. Whiskers represent variability outside the upper and lower quartiles. Dots denote each individual 
measurement. Paired t test only resulted in a significant difference for the diel diffusive flux.
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Although only marginally significant, CH4 ebullitive flux from the water hyacinth bed was 
on average lower (15.72 ± 28.51 mg CH4 m
-2 day-1) than in the open water (16.97 ± 38.26 
mg CH4 m
-2 day-1; paired t test; t = 0.634, df = 33, P = 0.53; Fig. 2.4). None of the measured 
variables could explain CH4 ebullitive flux in the water hyacinth bed and in the open water. 
In the quadrant from which we had removed the plants, the CH4 ebullitive emission to the 
atmosphere almost doubled, increasing to 29.35 ± 42.16 mg CH4 m
-2 day-1, compared to the 
ebullitive flux from the water hyacinth bed (paired t test; t = 2.35, df = 36, P < 0.05). The 
ebullitive flux contributed for 38 ± 36% to the total CH4 flux from the water hyacinth bed, 
and in the open water its contribution was 27 ± 31%. Total CH4 emissions (sum of diffusive 
and ebullitive fluxes) were 64.70 ± 194.44 mg CH4 m
-2 day-1 in the water hyacinth bed, and 
66.16 ± 167.97 mg CH4 m
-2 day-1 in the open water (Fig. 2.4). Total CH4 fluxes in the water 
hyacinth bed were lower than in the open water in 61% of the sites (paired t test; t = 1.75, 
df = 33, P = 0.08). No seasonal differences were found for CH4 diffusive, ebullitive and total 
CH4 fluxes for both locations, in the water hyacinth bed and in the open water (paired t-test; 
P > 0.05).
2.3.3 Plant effect on CO2 fluxes
The high diel CO2 uptake inside of the water hyacinth beds (-7.69 ± 20.10 g CO2 m-2 day-1) 
contrasts the diel CO2 emissions from the open water (9.09 ± 1.28 g CO2 m-2 day-1; paired 
t test; t = 10.95, df = 33, P < 0.05; Note that the symbol “-” represent uptake; Fig. 2.6). 
In the water hyacinth beds, high day time CO2 uptake (-25.36 ± 12.41 g CO2 m
-2 day-1) 
overcompensated night time emissions (9.97 ± 4.82 g CO2 m
-2 day-1; paired t test; t = -15.39, 
df = 36, P < 0.01). Diel CO2 uptake was negatively related to water depth and to the density 
of plant biomass above the water (Table 2.1). The main predictor for day-time CO2 fluxes in 
the water hyacinth bed was water depth, whereas variation in night-time fluxes was best 
described by water O2 concentrations. In the open water no difference between the day and 
night time fluxes were found (paired t test; t = 0.074, df = 33, P > 0.05), and the CO2 flux was 
negatively related to O2 concentration (Table 2.1). Contrasting the water hyacinth bed, when 
the plants were removed no CO2 uptake took place, resulting in an average diel emission of 
5.47 ± 4.27 g m-2 day-1 (paired t-test; t = -12.07, df = 36, P < 0.01). 
Figure 2.5. CH4 diffusive emissions at sites where water hyacinth rooted in the sediment (n = 12) or was free-
floating (n = 60). Lines within boxes denote median fluxes. Boxes represent the 25th and 75th percentiles. Whiskers 
represent variability outside the upper and lower quartiles. Dots denote each individual day or night measurement.
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2.3.4 Plant effect on combined CH4 and CO2 emissions
Combining both CH4 emissions and CO2 fluxes (uptake and emission) expressed as CO2 
equivalents resulted in an average CO2 uptake of -5.28 ± 10.80 g CO2 eq m
-2 day-1 in the water 
hyacinth bed and an average emission of 11.34 ± 9.63 g CO2 eq m
-2 day-1 in the open water 
(t = 10.72, df = 33, P < 0.01; Fig. 2.6). The strong variation in fluxes can most probably be 
explained by the strong differences in environmental conditions. Notably, CO2 uptake of the 
water hyacinth was not always sufficient to compensate for the CH4 emissions (22% of our 
observations showed net GHG emission from the plant bed), clearly indicating that water 
hyacinth beds do not offset open water GHG emissions under all conditions. Removing the 
plants from the system turned the location into a source of GHG (paired t test; t = -11.40, 
df = 33, P < 0.01). The water depth and biomass density above the water were the main 
predictors affecting the combined GHG fluxes (Table 2.1).
Figure 2.6. Diel CO2 fluxes (g CO2 m
-2 day-1) and GWP (including CH4 and CO2 fluxes in g CO2 equivalent m-2 day-1) in 
the sampled sites in two seasons. Dots represent the diel fluxes at each sample site. Box plots denote the median 
flux, and the 25th and 75th percentiles. Whiskers represent the 1.5*IQR above the third quartile, and 1.5*IQR below 
the first quartile. Paired t test resulted in significant differences between the water hyacinth bed and the open 
water for the CO2 flux and the GWP.
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To test for environmental factors potentially influencing the difference between the GHG 
fluxes in the water hyacinth bed and the open water, we ran multiple regressions for both 
sites. For CH4 diffusive emissions, none of the environmental factors tested for could explain 
the variance (Table 2.2). Only in 21% of the cases the CH4 diffusive emissions were higher in 
the water hyacinth bed. This typically occurred in shallow (< 1 m) systems. The ratio between 
the ebullitive flux in the water hyacinth bed and the open water significantly decreased with 
an increase in the subsurface plant biomass (Table 2.2, Fig. 2.7A). In more than half of the 
water bodies (57%), CH4 ebullition was lower in the plant bed than in the open water.
Table 2.1. Stepwise multiple regressions with the different GHG emission pathways as dependent variables and 
various potentially predictor variables for the water hyacinth bed. For CH4 fluxes, predictor variables included water 
temperature (°C), surface water O2 concentration (µmol l
-1), sediment organic matter content (%), average length of 
the roots (cm), areal density of the plants below the water (kg ww m-2), water depth (cm), and CH4 concentration 
in the surface, bottom, and pore-water (µmol l-1). For the CO2 fluxes we included the aforementioned variables as 
well as the length of leaves and biomass density above water, and left out the CH4 concentrations. For the GWP all 
of the variables were included. For open water the plant characteristics variables were excluded. 
Model Coefficients
Water hyacinth bed
Dependent 
variables
model
Independent 
variables
R² F P df B Constant
Log
10
 Diel CH4 
diffusive flux
1 Depth 0.41 12.6 0.002 35 -0.002 1.266
2
Depth
0.58 11.7 0.001 34
-0.001
0.547
Length of roots 0.02
Diel CO2 
diffusive flux
1 Depth 0.23 10.4 0.003 35 -16.89 -3,678
2
Depth
0.33 8.4 0.001 34
-21.03
-5,600
Density above water 19,066
CO2 diffusive 
flux night time
1 O2 0.25 11.7 0.001 35 -1,515 13,493
CO2 diffusive 
flux day time
1 Depth 0.13 5.2 0.027 35 -25.05 -19,413
GWP
1 Depth 0.21 9.6 0.004 35 -28.00 1,367
2
Depth
0.31 7.9 0.001 34
-35.08
-1,920
Density above water 32,637
Open water
Log
10
 Diel CH4 
diffusion
1 O2 0.41 13.9 0.001 32 -0.149 1.602
Diel CO2 
diffusive flux
1 O2 0.38 19.7 0.001 32 -0.101 4.141
CO2 diffusive 
night time
1 O2 0.21 8.6 0.006 32 -0.006 5.054
GWP 1 O2 0.32 9.4 0.006 32 -0.104 4.265
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For the CO2 flux, the emission from water hyacinth beds was always lower the open water 
flux due to the consistent occurrence of CO2 emissions in the open water and strong (diel) 
CO2 uptake by the plant bed. The ratio between plant bed and open water emission was 
negatively related to depth and above water plant density, indicating that open water CO2 
emissions per unit area were most strongly offset by water hyacinth CO2 uptake in deeper 
systems with higher plant biomass (Table 2.2, Fig. 2.7B). 
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Figure 2.7. Regressions showing water hyacinth: open water CH4 ebullitive flux ratio (A; n = 33, note that the 
logscale on the y-axis); the CO2 flux ratio (B; n = 33), and the CO2 equivalent ratio (C; n = 33; P < 0.01 for all figures). 
When ratios are > 1 emissions occur in both places and are higher in the water hyacinth bed; ratios between 0 and 
1 show emissions in both places, however, lower in the in water hyacinth bed; ratios < 0 (below solid line) indicate 
net CO2 or GHG (in case of GWP) uptake in the water hyacinth bed. No net uptake was found to take place in the 
open waters.
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The combined CH4 and CO2 fluxes showed a similar pattern. In 17% of the systems we 
found emissions in both the water hyacinth bed and the open water resulting in a ratio > 
0. However, GHG emissions from water hyacinth beds were always lower than the open 
water emissions, except for one location that was only 0.38 cm deep (Fig. 2.7C). The ratio 
between open water GHG emissions and GHG uptake by the water hyacinth bed increased 
with increasing water depth and density above water (Table 2.2). Roughly half (47%) of the 
water bodies included in our survey had GHG ratios < -1, which indicates that the uptake in 
the water hyacinth bed is equal to, or higher than the emission from the open water. This 
further implies that a system covered for 50% by water hyacinth is GHG neutral. A system 
with a ratio of -2 only needs to be covered for 33% by water hyacinth to offset open water 
emissions.
Table 2.2. Stepwise multiple regressions with the ratio of the different GHG fluxes between the water hyacinth 
bed and open water as dependent variable and various potential predictor variables as independent variables. 
For CH4 fluxes, predictor variables included water temperature (°C), surface water O2 concentration (µmol l
-1), 
sediment organic matter content (%), length of the roots (cm), subsurface plant biomass (kg ww m-2), water depth 
(cm), and CH4 concentration in the surface, bottom, and pore-water (µmol l
-1). For the CO2 fluxes we included 
the aforementioned variables as well as the length of leaves and above water biomass, and left out the CH4 
concentrations. For the GWP all variables were included. 
Model Coefficient
Dependent variables Model Independent 
variables
R² F P df B Constant
CH4 diffusive flux None - - - - - -
CH4 ebullitive flux 1
Subsurface 
biomass
0.18 7.29 0.011 32 -1.32 20.596
Diel CO2 diffusive flux
1 Depth 0.33 16.22 0.001 32 -0.005 -0.180
2
Depth 0.44 12.29 0.001 31 -0.006 -0.646
Above water 
biomass
4.72
GWP
1 Depth 0.24 10.36 0.003 32 -0.004 -0.109
2
Depth 0.43 11.91 0.001 31 -0.005 -0.662
Above water 
biomass
5.6
  
2.4 DISCUSSION
Fast-growing, floating plants such as water hyacinth are known to be strong modifiers 
of biogeochemical processes including greenhouse gas emissions. However, the drivers 
explaining differences in the intensity of GHG emissions (particularly of CH4), and even their 
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direction (uptake vs emission), have so far remained a point of discussion (Kosten et al., 2016; 
Chapter 4). Our study, based on an extensive survey in the Brazilian Pantanal and Amazon, 
indicates that the impact of water hyacinth on GHG fluxes strongly depends on water depth 
and plant biomass density. Our results furthermore suggest that differential effects of water 
hyacinth mats can be explained by both biological processes, such as primary production, 
and physical processes related to their effect on the water-atmosphere gas transfer velocity 
and the entrapment of CH4 bubbles in the rhizosphere. 
As hypothesized, we found a stronger vegetation effect on water column O2 concentrations 
when open water O2 concentrations were high (Fig. 2.3), but contrary to our expectations 
we did not find a relationship between O2 concentrations and the vegetation effect on 
CH4 emissions (Table 2.1). In agreement with our hypothesis we found a negative relation 
between water depth and CH4 emissions from the plant bed (Table 2.1), with highest 
emissions occurring from rooted plant beds suggesting a funnel effect of the plants (Fig. 
2.5). Contrary to our expectations, however, rooting (increasing nutrient availability) did not 
increase CO2 uptake. Instead, diel CO2 uptake from the bed tended to increase with depth 
(Table 2.1).  In roughly half of the systems the total GHG uptake by the plant bed was equal 
to or larger than the total GHG emission from the open water per unit surface (Fig. 2.7C). 
2.4.1 Vegetation impact on CO2 fluxes
Tropical water bodies are a natural source of CO2 responsible for 34% of the global inland 
water CO2 emission (Raymond et al., 2013). The high open water CO2 emissions, as also 
observed in our study, are the results of high decomposition rates explained by high 
temperature and ample availability of decomposable organic matter in these waters 
(Hamilton et al., 1997;  Devol et al., 1995;  Abril et al., 2014). In contrast to the open waters, 
strong uptake of CO2 takes place in the littoral areas where large vegetation beds are present 
(Altor & Mitsch, 2008;  Eusebio Malheiro, Jahns & Hussner, 2013). Our findings confirm the 
high rates of primary production overruling (microbial and plant) respiratory processes in 
the littoral hyacinth beds (Fig. 2.6). Plant removal resulted in a conversion of strong CO2 
sequestration to strong CO2 outgassing. CO2 uptake in the plant bed was positively related 
to a combination of water depth and plant biomass (Table 2.1), which is a likely proxy for 
photosynthetic capacity. We observed that larger plants and denser growth mostly occurred 
at deeper sites, most likely due space limitation at shallower sites. This concept is indeed 
supported by other studies showing higher growth rates for free-floating water hyacinth 
vegetation than for rooted vegetation (Owens & Madsen, 1995;  Ren & Zhang, 2007). 
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The diel CO2 uptake by water hyacinth vegetation found in our study is extremely high, on 
average 7.69 g CO2 m-2 day-1, which is 7 times higher than that of rooted tropical plants 
such as Typha domingensis Pers. (Gripp et al., 2013), and 2.5 times higher than the uptake 
by other floating species such as Trapa natans L. (Bolpagni et al., 2007). The CO2 uptake 
rates we found for shallow systems are similar to those measured in other shallow systems 
(Peixoto et al., 2016). In deeper systems (> 2.5 m), however, our observed CO2 uptake rates 
were roughly three times higher, stressing the role of water depth. 
2.4.2 Vegetation impact on CH4 fluxes
Previous studies reported low O2 concentrations underneath water hyacinth beds (Masifwa, 
Twongo & Denny, 2001), and high CH4 production rates (Banik, Sen & Sen, 1993). In 77% of 
our sites, surface water O2 concentration was indeed lower in the water under the hyacinth 
bed, with the largest impact when open water concentrations were high (Fig. 2.3). These 
lower O2 concentrations are likely caused by the high biological O2 demand due to the high 
input of readily decomposable organic matter (Nyananyo, Gijo & Ogamba, 2007), light 
limitation of phytoplankton growth (Villamagna & Murphy, 2010;  Bunch, Allen & Gwinn, 
2010), and reduced gas exchange hampering re-aeration (Kosten et al., 2016). 
Contrary to our expectations, however, O2 was not the main predictor for CH4 diffusive 
emissions. Instead, the length of the roots and water depth were the main drivers for the 
release of this greenhouse gas (Table 2.1). This may well be explained by the plants acting 
as a CH4 conduit in shallow water bodies where the aerenchymous roots reach the sediment 
and transfer CH4 from the sediment to the shoots and atmosphere (Grasset et al., 2016; 
Keppler et al., 2006;  Dorodnikov et al., 2011). 
Zooming in on this potential rooting effect indeed showed that CH4 diffusive emissions were 
much higher when the plants were rooted (Fig. 2.5). On average, the CH4 diffusive emissions 
from rooted plants were 52 times higher than those from free-floating plants. The flux by 
the rooted water hyacinth in this study was up to 2.6 higher than other rooted plants such 
as Deyeuxia angustifolia V. and the highest emissions reported for rice paddies (Ding, Cai & 
Tsuruta, 2005;  Oo et al., 2018). 
Although the mean of CH4 emissions from the plant bed was higher than those from the open 
water, in most systems the CH4 emissions from the (free-floating) plant bed was lower than 
those from the open water. This corresponded with the generally lower CH4 concentrations 
in the water below the plants than in open water, which may be explained by CH4 oxidizing 
(methanotrophic) activity of the microbial community in the water hyacinth rhizosphere 
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(Yoshida et al., 2014; Chapter 3;  Kosten et al., 2016). CH4 oxidation in the rhizosphere of 
aquatic vegetation is able to consume a considerable fraction of the CH4 produced, with 
percentage of 76% reported for Phragmites australis (Brix, Sorrell & Lorenzen, 2001) and 
70% for water hyacinth beds (Kosten et al. 2016).
Ebullition generally makes up a considerable portion of the total CH4 emissions in aquatic 
systems (Aben et al., 2017). In our study, the contribution of the ebullitive flux varied from 0 
to 97%. Although we did not find a significant overall difference between the ebullitive flux 
from the water hyacinth bed and open water, the relative difference between the ebullitive 
flux from the water hyacinth bed and the open water was strongly related to the subsurface 
plant biomass. The negative effect of the plant bed on CH4 emission tended to increase with 
subsurface plant biomass, which corroborates with the idea that the plant’s rhizosphere is 
a barrier for the bubbles (Kosten et al., 2016;  Chapter 4). This was further confirmed by the 
fact that the ebullitive flux inside the plant bed tended to be higher after removal of the 
barrier presented by the roots. 
Overall, the observed total CH4 emissions in Amazon and in Pantanal (ranging between 0.61 
to 1,087 mg CH4 m
-2 day-1) are in the range of previous studies (Bastviken et al., 2010;  Devol 
et al., 1990). We did not find a consistent seasonal effect on CH4 emissions and although 
this is in part confirmed by earlier observations (Bastviken et al., 2010;  Devol et al., 1990), 
we believe that the lack of seasonality in our study may be due to the peculiarity of the 
rainfall pattern during our study which led to little, if any, difference in water temperature 
and depth. 
2.4.3 Vegetation impact on total GHG emissions
Our combined results for CO2 and CH4 indicate that 47% of the water hyacinth beds we 
sampled were GHG sinks offsetting the open water in per area basis. Whereas for another 
35% emission and sequestration were balanced, and only 18% were GHG sources (Fig. 2.7C). 
In general, plant beds are stronger GHG sinks in deep (> 2m) systems where roots are not able 
to reach the sediment, which strongly hampers plant-mediated CH4 emission. In addition, 
plants grow faster in these deeper waters and form a large and dense bed, enhancing CO2 
uptake. Arguably, the high amounts of CO2 converted into biomass by the plant may – when 
decomposed and transported to open water – be released to the atmosphere again in the 
form of CO2 or CH4. Especially the conversion into CH4, a 34 times stronger GHG than CO2, 
is unfavorable from a climate change point of view. Although we found no indications for 
enhanced CH4 production in the sediment below the beds as compared to the open water 
(i.e. pore-water CH4 concentrations did not differ) and CH4 concentrations in the surface 
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water even tended to be lower below the plants than in the open water, water hyacinth 
detritus is likely one of the drivers of the open water CH4 emissions. A similar littoral-open 
water link has been reported earlier with high CO2 uptake in littoral areas fueling CO2 
emissions in the open water (Abril et al., 2014). Integrating both open water and water 
hyacinth bed GHG fluxes shows that the water hyacinth coverage needed to compensate 
for the open water emissions strongly varies and tends to decrease with depth (Fig. 2.7C). 
Our regression model points out that a coverage of 50% tends to be sufficient to offset 
open water GHG emissions in systems with a depth of 2 meter, whereas only one third of 
the system needs to be covered in a 5 m deep system. In very shallow systems, however, 
vegetation beds may be net GHG emitters and hence do not compensate for open water 
emissions (Fig 2.8). 
Figure 2.8. Schematic representation of the effects of water hyacinth mats on greenhouse gas fluxes. Water 
hyacinth reduces O2 concentration in the surface water, potentially boosting anaerobic decomposition. Shallow 
water bodies favor CH4 transport by rooted water hyacinth, enhancing its release to the atmosphere. Shallow 
waters also reduce CO2 uptake, probably because of the limited space to grow. In contrast, when water hyacinth 
does not have access to the sediment, and has space to expand to the open water, CH4 diffusive flux is reduced and 
CO2 uptake enhanced. In addition, a dense water hyacinth bed reduces the CH4 ebullitive flux by trapping bubbles 
before reaching the atmosphere. Arrows indicate the direction of the flux (influx or efflux).
Chapter 2
42
2.5 CONCLUSION 
Strongly depending on water depth, water hyacinth beds can be sites of either GHG uptake 
or emission. The high GHG fluxes in the bed, as well as the probable impact of the plant 
detritus on open water CO2 and CH4 fluxes, makes water hyacinth beds important regulators 
of overall GHG emissions from tropical and subtropical wetland systems. This implicates that 
for the assessment of GHG emissions from water hyacinth dominated wetlands not only the 
areal extend of the beds, but also water depth should be included as a very important driver 
of GHG fluxes.
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The water hyacinth microbiome:
link between carbon turnover and 
nutrient  cycling
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ABSTRACT
Water hyacinth, a large and invasive floating plant, plays an important role in the 
biogeochemistry and ecology of many freshwaters globally. Its biogeochemical impact 
on wetland functioning is strongly mediated by the microbiome associated to its roots. 
However, little is known about the structure and function of this water hyacinth rhizobiome, 
and its relation to wetland ecosystem functioning. Here, we unveil the core and transient 
rhizobiomes of water hyacinth, and their key biogeochemical functions in two of the world’s 
largest wetlands; the Amazon and the Pantanal. Water hyacinth hosts a highly diverse 
microbial community shaped by spatiotemporal changes. Proteobacteria lineages were 
most common, followed by Actinobacteria and Planctomycetes. Deltaproteobacteria and 
Sphingobacteriia predominated in the core microbiome, associated with polysaccharide 
degradation and fermentation of plant-derived carbon. Conversely, a plethora of lineages 
were transient, including highly abundant taxa including Acinetobacter, Acidobacteria 
subgroup 6 and methanotrophs, assuring diverse taxonomic signatures in the two different 
wetlands. Our findings point out that methanogenesis is a key driver of, and proxy for, 
community structure, especially during seasonal plant decline. We provide ecologically 
relevant insights into the water hyacinth microbiome, which is a key element linking plant-
associated carbon turnover with other biogeochemical fluxes in tropical wetlands.  
 
Key words: Eichhornia crassipes, root, rhizosphere, 16S rRNA, pmoA, mcrA, qPCR, tropical 
wetland, methane and nitrogen cycle 
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3.1 INTRODUCTION
Water hyacinth (Eichhornia crassipes, Pontederiaceae, (Mart.) Solms) is a fast-growing floating 
macrophyte native to South America. It is well-known for its fast vegetative propagation, 
producing large amounts of biomass (Barret, 1989). A prolific clonal reproduction and 
high dispersion rate ensure its adaptive success (Zhang, Zhang & Barrett, 2010) and its 
ability to quickly form large mats throughout the surface of rivers, lakes and wetlands. 
The uncontrolled overgrowth of water hyacinth in tropical, subtropical and temperate 
freshwater (Malik, 2011) reduces phytoplankton productivity (Mironga, Mathooko & 
Onywere, 2011) and limits oxygen (O2) intrusion from the atmosphere, which leads to 
low dissolved O2 (DO) levels in surface water and sediment (Chapter 4), and consequently 
lower fish and macroinvertebrate diversity underneath its roots mass (Coetzee, Jones & 
Hill, 2014; Villamagna & Murphy, 2010). Notably, water hyacinth is currently recognized by 
the International Union for Conservation of Nature (IUCN - iucngisd.org/gisd) as one of the 
world’s worst invasive species.
Growing evidence suggests that water hyacinth plays a key role in biogeochemical cycling in 
wetlands dominated by floating mats of this species, especially in relation to the carbon (C) 
greenhouse gases (GHG) budget (Chapter 4; Attermeyer et al, 2016; Short et al, 2016), and 
nitrogen (N) and phosphorus (P) mobilization (Fox et al, 2008; Yi et al, 2015) in freshwater 
ecosystems. Although water hyacinth impacts water biogeochemistry through its effect on 
DO
,
 macro-nutrient uptake and removal of heavy metals, pesticides and organic contaminants 
(Achá, Hintelmann & Yee, 2011; Nesterenko-Malkovskava et al, 2012; Anudechakul et al, 
2015), the putative role of the vast microbial ecosystem associated with its extensive root 
system has been addressed only partially (Achá et al, 2005b; Luo et al, 2015). 
Root zones of floating macrophytes are hotspots of microbial activity, due to their large 
surface area and steep gradients in biogeochemical conditions (Brix, 1993). Root microbiome 
(rhizobiome) assembly is a complex and dynamic process that can be influenced by 
growth conditions, geographical and environmental aspects of the sediment, and genetic, 
morphological, physiological and developmental traits of the host species (Edwards et al, 
2015). A metatranscriptome study identified synergistic functional patterns between water 
hyacinth and fungi, especially when exposed to environmental change (Luo et al, 2015). 
Some microbial activities occurring in water hyacinth roots, e.g. nitrogen fixation, are crucial 
not only for water hyacinth growth (Carignan & Neiff 1992), but also for the functioning of 
the entire ecosystem (Liengaard et al, 2012). Thus, it is important to obtain insights on how 
microbial functions, water biogeochemical shifts, and plant growth and activity are related 
within the water hyacinth holobiont (i.e. the host and its microbiota). 
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Although it is clear that water hyacinth plays important biogeochemical and ecological roles 
in wetlands, our understanding of their microbial partners from the community perspective 
in different environments is limited. To the best of our knowledge, only one study so far 
has investigated water hyacinth root-associated bacteria using high-throughput sequencing 
of the 16S rRNA gene (Zhao et al, 2014). Here, we compare the role and composition of 
the water hyacinth core and transient microbiome in two iconic wetlands; Pantanal and 
Amazon. By comparing water hyacinth microbiomes in a broad spectrum of environmental 
conditions we aim to scrutinize the environment-holobiont crosstalk, potentially explaining 
the ability of water hyacinth to adapt to widely ranging conditions.  Because water hyacinth 
affects methane (CH4) emissions (Chapter 4; Attermeyer et al, 2016) and N dynamics (Yi et 
al, 2014), we specifically targeted genes related to these processes.  For this purpose, we 
investigated 20 water bodies within WH’s native area, in the Pantanal and the Amazon, 
during two seasons. These wetlands strongly differ in their biogeochemical characteristics. 
While the shallow waters in the Pantanal are often O2-depleted due to high biological O2 
demand caused by flooded vegetation and high availability of readily decomposable organic 
matter, the waters in the Amazon are deeper, with hypoxia restricted to the water overlaying 
the sediment (MacIntyre & Melack, 1988). This difference likely explains why in the Pantanal, 
methanogenesis represents ca. 20% of the heterotrophic metabolism (Hamilton, Sippel & 
Melack, 1995), whereas aerobic respiration is relatively more important in the Amazon 
(Forsberg et al, 2017).  Both wetlands also emit large amounts of nitrous oxide (N2O), a 
potent GHG (Liengaard et al, 2014). In the Pantanal, the major N source for this emission is 
suggested to be decaying water hyacinth mats that accumulated N via microbial N2 fixation 
during high water levels (Liengaard et al, 2012). This interlinkage of the C and N cycles points 
out that the mineralization of water hyacinth-derived organic matter is a key ecosystem 
process in these wetlands.
Here, we hypothesize that: (i) microbial taxa and functions are conserved over an 
environmental gradient, composing a core microbiome. The identification of the core 
microbiome would allow us to know which roles played by microbes, especially regarding 
C and N cycling, are crucial for the biogeochemical and ecological functioning of water 
hyacinth and water hyacinth-dominated wetlands; (ii) local conditions from each wetland 
select distinct microbial taxa and functions, and (iii) water hyacinth growth and decay affect 
the microbial community quantitatively and compositionally. Ultimately, our findings may 
reveal why water hyacinth is so successful under a wide range of environmental conditions, 
and how specific microbial functions of the rhizobiome related to C and N cycling contribute 
to ecosystem functioning.  
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3.2 MATERIALS AND METHODS  
3.2.1 Study area and root sampling 
The study was conducted in Pantanal and Amazon regions, Brazil, corresponding to the 
upper Paraguay and the lower Guaporé rivers between 11°55’45-16°00’40 S and 57°39’21-
62°09’27 W (Fig. 3.1). The Pantanal and Amazon regions have a tropical climate, with mean 
annual temperature of 24 and 25 °C, and mean annual precipitation of 1,110 and 2,300 mm 
per year, respectively (Fisch, Marengo & Nobre, 1998). From January to March (our first 
sampling round), these regions have the highest precipitation, reducing in the subsequent 
months (from April to June, our second sampling round) (Marcuzzo, Melo & Rocha, 2011; 
Da Franca, 2016). Both wetlands are seasonally affected by the flooding regime and show 
distinct water and sediment qualities (Hamilton, Sippel & Melack, 1997).
Figure 3.1. Map of the study area comprising the three sampling areas (SA) and 20 sampling sites (represented by 
numbered circles). SA1 is located in the upper Paraguay river in the Pantanal, and SA2 and SA3 are located in the 
Amazon, within the Guaporé river basin. The sample sites were located in the water bodies under the flooding 
influence of the rivers.
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Thirty water hyacinth individuals were sampled from the water hyacinth bed in each 
sampling site, 10 from the Amazon (3 from first sample round and 7 from the second round) 
and 20 from the Pantanal (11 from the first sampling round and 9 from the second round). 
Not all sites were sampled in both seasons due to the absence of water hyacinth beds during 
the second round. Samples consisted of a single complete primary root retrieved from a 
randomly chosen full-grown water hyacinth individual. Roots were placed in plastic bags 
and stored on the same day at -20°C until further processing. 
3.2.2 Water physico-chemical characteristics 
Sampling site surface area was measured by delineating the perimeter by polygons on 
Google Earth Pro (U.S. Dept of State of Geographer © 2016). The in situ variables, pH, 
temperature and DO concentration were measured at 20 cm depth, using a Hach HQ 40d 
multi-meter (Hach-Lange - Germany). PO4
3-, NO3
- and NH4
+ concentrations were measured 
colorimetrically (Henriksen, 1965; Kamphake, Hannah & Cohen, 1967; Grasshof & Johannse, 
1972), and total P, Fe and Mn by inductively coupled plasma-optical emission spectrometry 
(ICP-OES; IRIS Intrepid II XDL, Thermo Fisher Scientific, Franklin, USA). Total dissolved 
inorganic nitrogen (DIN) was calculated using the sum of the inorganic forms. For pCO2 and 
CH4 concentrations, water samples were taken at a depth of 10 cm, and measured using an 
Infra-red Gas Analyzer (ABB Analytical, Frankfurt, Germany), and CH4 in the headspace was 
measured by a Hewlett-Packard 5890 gas chromatograph with a Porapak Q column, 80/100 
mesh, GC-FID, Hewlett Packard, USA). 
3.2.3 Plant morphological and chemical characteristics
 
Plants were sampled in triplicate from the macrophyte bed (50 cm²), further, maximum 
length of roots and shoots were measured. After spinning off excess water, the fresh weights 
of root and shoot biomass were determined. Afterwards, 200 mg of dried homogenized 
ground root material, was digested to determine the Total P content using ICP-OES (see 
above). C and N contents of the water hyacinth roots were determined by elemental analyzer 
(Carlo Erba NA 1500, Thermo Fisher Scientific, Waltham, MA, USA).
3.2.4 DNA extraction, library construction, sequencing, bioinformatics and qPCR 
To equally represent all root compartments, we aseptically sliced 1cm of the basal-upper, 
central and apical-cap of the roots and pooled them in a single sample. This sample was 
ground into a fine powder using liquid nitrogen. Total DNA of 1 g of homogenized root 
powder was extracted with an E.Z.N.A.® Soil DNA extraction kit (Omega Biotek - USA) 
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according to the manufacturer’s instructions, and quantified with the Qubit fluorometer 
(Invitrogen-Life Technologies, USA).
The V4 region of the 16S rRNA gene was amplified by PCR with the bacterial/archaeal 
primers 515F and 806R (Caporaso et al, 2011), modified to include Illumina adapters. The 
amplification reactions and library construction were performed according to the protocol 
provided by Illumina for 16S rRNA gene library construction (https://support.illumina.com/
documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-
prep-guide-15044223-b.pdf). 16S rRNA amplicons from all samples were pooled in equal 
molar ratios and sequenced using the paired-end strategy on an Illumina MiSeq platform in 
a single run (2 × 250 bp).
Raw reads were paired and processed using MOTHUR v.1.39.5 (Schloss et al, 2013). Quality 
control excluded contigs with length < 250 bp and > 252 bp, ambiguous bases > 0 and 
homopolymer > 8. The remaining reads were aligned and classified against the SILVA v128 
16S rRNA gene database (Quast et al 2013), pre-clustered based on a threshold of two 
differences per read. Finally, reads were screened with the VSEARCH chimera detection tool 
(Rognes et al, 2016), and reads classified as plastids and non-prokaryotes were discarded. 
The remaining reads were clustered into operational taxonomic units (OTUs) using the 
average neighbour method and 3% dissimilarity cut-off. Raw reads are deposited in the NCBI 
SRA database under accession number SRP148582.
Community-associated functional traits were assessed using the PICRUSt tool (Langille et 
al, 2013) according to the default settings. OTUs were re-classified against the Greengenes 
v13_5 database (DeSantis et al, 2006) prior to metagenome prediction based on KEGG 
Orthology.
To estimate the abundance of bacterial and archaeal 16S rRNA gene, as well as of pmoA 
and mcrA (methanogenesis) genes, qPCR assays were performed using the primer sets 
and conditions described in Table 3.S1 (“S” denotes supplementary material at the end of 
the thesis) (Lane, 1991; Muyzer & Waal, 1993; Holmes et al, 1995; Nunoura et al, 2008; 
Hales et al, 1996; Reis et al, 2013) The pmoA gene encodes for particulate methane 
monooxygenase, which is present in most methane oxidizing bacteria (Kolb et al, 2003). 
The mcrA gene encodes the methyl coenzyme-M reductase, and is used as a proxy of 
methanogen abundance (Steinberg & Regan, 2008). The amplifications were performed 
using Kapa SYBR® FAST Universal qPCR kit (Merck, Germany) and the StepOne™ Real-Time 
PCR System (Thermo Fisher Scientific, Foster City, CA). Positive (mix of DNA from all samples) 
and negative (without template DNA) controls were included in each real-time PCR assay. 
All DNA samples and the negative control were analyzed in triplicate to obtain an accurate 
value for the gene abundance in each sample.
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3.2.5 Data analysis
We used Principal Component Analysis (PCA) to address relations between water and 
plant characteristics. Variables used in the PCA were chosen aiming to improve the 
representativeness of each subset of variables (plant and water characteristics), avoiding 
data collinearity and excessive missing values. A single sample (sampling site 4, Fig. 3.1) 
was excluded due to missing field data. Imputation of the remaining missing values was 
performed after finding the best predictor variable (all dataset variables were tested as 
candidates) by comparing the determination coefficients (R2) obtained by single linear 
regression. The resulting PCA was computed after standardization, using the rda command 
in the vegan package. Statistical difference between means was accessed through one-
way Anova when data were normally distributed, or Kruskal-Wallis following Benjamini-
Hochberg false detection rate correction procedure otherwise. 
Core and transient communities were identified using the Abundance-Ubiquity method 
(Hester et al, 2016). In order to select a highly suita ble dissimilarity ordination model, 
different distance indexes (Bray-Curtis, Canberra, Gowler, Morisita-Horn, weighted and 
unweighted Unifrac – all algorithms from phyloseq package) and normalization procedures 
(metagenomeseq’s CSS and phyloseq’s rarefaction, both with raw and root-transformed 
input OTU counts) were tested. The most powerful combination was identified as the 
highest value computed after summing the relative importance of the three first axes of the 
Principal Coordinate Analysis (PCoA).
Confirmatory factor analysis was performed using the lavaan package. Modelling and 
variable selection were done considering as candidate variables the predictors of the PCoA 
axes and correlated variables, which were identified based on single linear regression 
results. Models were fitted using already standardized data, estimation with robust standard 
errors to prevent non-normality bias and full information maximum likelihood imputation 
of missing data. The best fitted model was selected after evaluation of chi-square test and 
comparison of the estimators CFI, TLI, AIC, RMSEA and SRMR. All statistical analyses were 
conducted in R 3.4.0 (https://www.r-project.org). 
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3.3 RESULTS
3.3.1 Characterization of environmental variables 
Surface area and depth, DO and pCO2 were mainly associated with PCA axis 1 (explaining 
20.3% of the variation), whose scores suggested a separation of samples according to their 
wetland of origin (Fig. 3.S1). Surface area, depth and DO were significantly higher (p < 
0.005) in Amazon, whereas pCO2 was slightly higher in Pantanal, although non-significant 
(Table 3.S2). CH4 concentrations were higher during the second sampling round (from April 
to June – p = 0.02), albeit with a high variation. The second PCA axis (14.7%) represented 
other variables changing seasonally, such as pH and root N:P-ratio. Samples from Pantanal 
exhibited higher variance in axis 2 scores than those from Amazon, indicating weak seasonal 
changes in Amazon. NH4 concentrations in the water column were higher in Amazon (p 
= 0.024), whereas P concentrations tended to be higher in Pantanal, although non-
significantly. Root N:P- and C:P ratios were higher during the second sampling round, which 
may indicate that water hyacinth had an increased metabolic demand for P. Water hyacinth 
from the Amazon had larger leaves (p = 0.004), biomass (0.005) and root C:N ratio (p = 
0.048) than Pantanal. Root C:N ratio, water hyacinth`s total biomass, bacterial density and 
Fe and Mn levels were positively correlated to axis 3 (12.1%), unlike temperature and shoot-
to-root biomass allocation, which were negatively correlated. In this context, PC3 represents 
a process associated with plant decline triggered by temperature decrease, leading to 
augment of biomass, C:N ratio, and bacterial density in the root zone. In summary, sampling 
sites from different wetlands varied in depth and surface area, which under the influence of 
temperature, likely control physical (e.g. DO and thermal stability), chemical (e.g. nutrient 
and metal availability) and biological (e.g. water hyacinth growth rate and decomposition) 
activities in these water bodies colonized by water hyacinth.
3.3.2 Microbial abundance  
Bacterial and archaeal 16S rRNA gene copy numbers differed temporally, whereas pmoA 
abundance differed both temporally and spatially (Table 3.S2). Abundance of 16S genes 
(archaea 9.3% and bacteria 12.1%) and pmoA (12.3%) were higher in the second sampling 
time (regardless of wetland), and pmoA abundance was also significantly higher (17.4%) in 
Amazon samples. No significant spatial-temporal differences were observed for mcrA.
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3.3.3 Microbial community composition and diversity 
At the 97% similarity cut-off, the 16S rRNA dataset yielded a total of 19,920 OTUs. 
Proteobacteria (52.3%) composed the predominant phylum, followed by Actinobacteria 
(12%) and Planctomycetes (11.5%) (Fig. 3.2). Although this class distribution pattern was 
maintained across wetlands, the Planctomycetacia class was enriched in Amazon samples, 
and water hyacinth rhizobiomes in the different wetland areas differed at the family level, 
as well as the genus level (Fig. 3.S2, Table 3.S3).
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Figure 3.2. Class taxonomic distribution of water hyacinth root-associated microbiome according to wetland (A) 
and core/transient members (B). Error bars represent standard deviation.
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No association was found between temporal changes and relative abundance of taxa. 
Overall, Acinetobacter together with other members of Gammaproteobacteria (Beggiatoa), 
Betaproteobacteria (SC-I-84) and Alphaproteobacteria (Hyphomicrobium and MNG7), 
Planctomycetes (Planctomyces and Gemmata), Verrucomicrobia (OPB35), Actinobacteria 
(Kineosporiaceae) and Acidobacteria (Subgroup 6) numerically dominated the root-
associated microbial assemblage (Fig. 3.S3). Diverse gammaproteobacterial methanotroph 
genera associated with WH: Methyloglobulus, Crenothrix, Methyloparaccocus, Candidatus 
Methylospira, and Methylomicrobium, all belonging to the Methylococcales order. Only 1% 
of all the reads were classified as archaea. Archaeal lineages representing in mean more 
than 0.01% of the whole community belonged to the phyla Woesearchaeota (DHVEG-6), 
Thaumarchaeota (marine group I), Euryarchaeota and Bathyarchaeota, and to the 
methanogenic genera Methanobacterium, and Methanosaeta (Table 3.S4).
Overall, communities presented uniform richness and evenness across different sampling 
sites. There were no significant spatial-temporal differences (Fig. 3.S4A and B). A mean 
richness of 1,038 (± 256) OTUs per sample was observed at a depth of 4,653 reads. Rank-
abundance curves of the OTUs (Fig. 3.S5) were similar between communities and most 
OTUs had low abundance, coherent with the most frequent OTU being represented by only 
5.1% of all reads, on average. 
The Abundance-Ubiquity test showed that 88% of all OTUs belonged to the core microbiome, 
most being rare taxa with a relative abundance < 0.7% and accounting for only 15% of all 
dataset reads. Sphingobacteria and Deltaproteobacteria had a significantly higher proportion 
in the core microbiome, whereas the classes Gammaproteobacteria, Acidimicrobiia, 
acidobacterial subgroup 6, OPB35 and Thermoleophilia predominated in the transient 
community (Fig. 3.2B). Water hyacinth core and transient communities differed at the genus 
level (Fig. 3.S6 and Table 3.S5). 
3.3.4 Community functional profile 
We used PICRUSt analysis to predict the microbial functional potential prevailing in the 
water hyacinth rhizobiome (Fig. 3.S7).  Besides transport systems, processes important for 
host colonization like chemotaxis, bacterial motility and secretion systems were predicted to 
be highly abundant in the water hyacinth microbiome, as well as N metabolism (Fig. 3.S7B). 
C metabolism was also an important predicted function and mostly related to oxidative 
phosphorylation, C fixation and methane metabolism, whereas carbohydrate and amino 
acid metabolisms were less represented pathways. Importantly, most C-related functions 
were better represented in the core than in the transient microbiome, whereas the opposite 
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was true for bacterial secretion systems, and N and S metabolisms (Fig. 3.S7C). The relative 
contribution of predicted carbohydrate digestion and absorption, C fixation and oxidative 
phosphorylation pathways seemed to be slightly higher in Pantanal than in the Amazon (Fig. 
3.S7D), and no temporal influence was evident. 
To gain insight into the community functional differences profile we also used PICRUSt to 
estimate the levels of specific pre-selected marker genes (Fig. 3.3). Relative contributions 
of predicted genes for the two wetlands in the core and transient communities are shown 
in Table 3.S6. Significant differences between the wetlands were observed. Butyrate kinase 
(buk) and nitrogenase (nifH) genes were more abundant in Pantanal, whereas, pectinase 
(pel), dissimilatory NO3
- reduction to NH4
+ (DNRA -nirB) and Fe oxidation (ccoN) genes were 
more abundant in Amazon. No significant temporal differences were detected for functional 
pathways. CO2 fixation (rTCA - oforA), fermentation (ackA), glycolysis (pyk), cellulases (edg) 
and pectinases (pel) were C-related functions more abundant in the core than in the transient 
microbiome. Moreover, NO2
- transport (nirC), iron (dtxR and fur) and ferric iron reductase 
(fhuF) also represented core functions. The transient community exhibited diverse pathways 
for C metabolism: respiration (coxA), acetogenic (acs) and Calvin cycle (rbcL) CO2 fixation, 
methanol (mdh1) and methane (mmo) oxidation. Metabolism of N (DNRA –nirB, narL and 
narP; denitrification– norD; N-fixation and nitrification- amoC), Fe (qoxA and ccoN), P (ppk), 
S (dsrB) and pilus synthesis (pilA) were more abundant in the transient than in the core 
microbiome.
To validate the accuracy of the PICRUSt analysis, the weighted Nearest Sequenced Taxon 
Index (NSTI) was calculated. Although all chosen pathways were detected, a mean NSTI 
score of 0.158 (SD ± 0.025) suggests that functional prediction was affected by limited 
availability of reference genomes. 
3.3.5 Drivers of community structure
PCoA community ordination based on Morisita-Horn distances after metagenomeseq`s CSS 
normalization procedure yielded the best adjusted model (Fig. 3.S8). Permutational analysis 
of variance (PERMANOVA) results indicated that although with low explanatory power (R2 
= 0.09), wetland (p = 0.03) and time (p = 0.02) were factors significantly associated with 
community dissimilarity. No significant results were found after testing the homogeneity 
of dispersions across time and wetland. PCoA axes 1, 2 and 3 explained 28%, 17% and 13% 
of dissimilarity variance, respectively. Community dissimilarity was relatively uniform and 
showed no clear clustering related to sampling time and wetland (Fig. 3.S9).
Computing linear relationships between each of the three PCoA axes on the one hand and 
The water hyacinth microbiome: link between carbon turnover and nutrient cycling
57
3
Fi
gu
re
 3
.3
. C
on
tr
ib
uti
on
 o
f 
pr
e-
se
le
ct
ed
 p
re
di
ct
ed
 g
en
es
 t
o 
th
e 
w
at
er
 h
ya
ci
nt
h 
rh
iz
ob
io
m
e 
(r
oo
t 
m
ic
ro
bi
om
e)
. U
pp
er
 p
ar
t 
–T
he
 p
re
di
ct
ed
 g
en
e 
st
an
da
rd
iz
ed
 r
el
ati
ve
 
ab
un
da
nc
e 
(Z
-s
co
re
) 
pe
r 
sa
m
pl
e 
fr
om
 c
or
e 
an
d 
tr
an
si
en
t 
co
m
m
un
iti
es
. I
nt
er
m
ed
ia
te
 p
ar
t –
 T
he
 p
re
di
ct
ed
 g
en
e 
st
an
da
rd
iz
ed
 r
el
ati
ve
 a
bu
nd
an
ce
 (
Z-
sc
or
e)
 p
er
 s
am
pl
e 
ac
co
rd
in
g 
to
 t
he
 w
et
la
nd
 a
nd
 s
am
pl
in
g 
ti
m
e.
 B
la
ck
 s
ym
bo
ls
 r
ep
re
se
nt
 g
en
es
 t
ha
t 
va
ri
ed
 s
ig
ni
fic
an
tl
y 
be
tw
ee
n 
ca
te
go
ri
es
 (
p 
< 
0.
05
).
 L
ow
er
 p
ar
t 
- 
Ba
rs
 r
ep
re
se
nti
ng
 
re
la
ti
ve
 a
bu
nd
an
ce
 w
er
e 
co
lo
ur
ed
 a
cc
or
di
ng
 t
o 
th
e 
fo
llo
w
in
g 
fu
nc
ti
on
al
 c
at
eg
or
ie
s:
 c
ar
bo
n 
(C
),
 m
et
al
 (
Fe
),
 n
it
ro
ge
n 
(N
),
 p
ho
sp
ho
ro
us
 (
P)
, 
pl
an
t-
gr
ow
th
 p
ro
m
oti
ng
 
pa
th
w
ay
s 
(P
G
PP
) 
an
d 
su
lp
hu
r 
(S
).
 F
or
 e
ac
h 
pr
ed
ic
te
d 
ge
ne
, i
f 
de
te
ct
ed
, a
n 
ex
tr
a 
ro
w
 s
ho
w
s 
th
e 
ca
te
go
ry
 w
it
h 
si
gn
ifi
ca
nt
ly
 h
ig
he
r 
re
la
ti
ve
 a
bu
nd
an
ce
: c
or
e/
tr
an
si
en
t 
m
ic
ro
bi
om
e 
an
d 
Pa
nt
an
al
(P
)/
A
m
az
on
(A
).
 E
ac
h 
pr
ed
ic
te
d 
ge
ne
 w
as
 a
ss
oc
ia
te
d 
w
it
h 
a 
si
ng
le
 fu
nc
ti
on
al
 re
le
va
nc
e,
 a
lt
ho
ug
h 
so
m
e 
ge
ne
s 
ex
hi
bi
t m
ul
ti
pl
e 
fu
nc
ti
on
s,
 a
s 
th
e 
tr
an
sc
ri
pti
on
 fa
ct
or
s 
dt
xR
 a
nd
 fu
r. 
Er
ro
r 
ba
rs
 r
ep
re
se
nt
 s
ta
nd
ar
d 
de
vi
ati
on
.
Chapter 3
58
PCoA1
PC
oA
2
PC
oA3
mcrA 
(log10)
edg 
( x10-4 )
A
C
B
D
5.5
6.0
6.5
7.0
7.5
4.5
5.0
5.5
6.0
6.5
7.0
PCoA1
PC
oA
2
PC
oA3
pyk 
( x10-4 )
5.0
5.2
5.4
5.6
5.8
6.0
6.2
PCoA1
PC
oA
2
PC
oA3
PC3
−2
−1
0
1
PCoA1
PC
oA
2
PC
oA3
Figure 3.4. Three-dimensional biplots showing the relationship between community dissimilarity and the main 
variables associated with PCoA1: (A) mcrA (qPCR - log10 copies g root-1), (B) edg (cellulase), (C) pyk (pyruvate 
kinase) and (D) scores extracted from the third axis of PCA. The second and third PCoA axes were more strongly 
linked with functional pathways than with other variables. However, both axes presented opposite (PCoA2 positive 
and PCoA3 negative) and slight associations with PC1 (Fig. 3.S9 and Table 3.S9). PCoA2 was negatively associated 
with nifH and positively with petC (Fig. 3.S11A and 3.S11B). The third PCoA axis was positively associated with 
genes related to N metabolism, nirK and narH (Fig. S11C and S11D).
Figure 3.5. Diagram representing the confirmatory factor analyses model constructed around the two elemental 
cycles of interest: N and C, here included as latent variables (depicted in rectangles). The model estimators and 
formula are described in Table 3.S5. The latent variable N-cycling received contributions from NO3
- reduction (napA), 
denitrification (norD, NO reduction) and dissimilatory NO3
- reduction to ammonium (DNRA – nirB). Cellulases 
(edg), methanogenesis (mcrA) and microbial community structure (PCoA1) contributed to water hyacinth-derived 
C degradation. The double-arrow indicates covariance between latent variables. The environmental variables 
dissolved oxygen and PC3 (representing the effect of bacterial density, root biomass allocation and metals; 
temperature also, but oppositely related to PC3 scores) were evaluated as predictors of the latent variables. Red 
arrows represent negative relationship. Numbers indicate the correlation coefficients.
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all explanatory variables available in the dataset on the other, allowed the identification of 
community structure drivers. Single linear regression models indicated that each PCoA was 
associated with diverse variables: mcrA counts, functional pathways and scores extracted 
from PCA (Table 3.S7 and Fig. 3.S10). The associations between PCoA1 and methanogenesis 
(mcrA), cellulase (edg), glycolysis (pyk) and PC3 are illustrated in Figure 3.4. This supports 
the existence of a major link between microbial community structure, C metabolism and 
PC3, which was associated to bacterial density, root biomass and temperature.
The confirmatory factor analyses model yielded satisfactory fitness (Fig. 3.5), with 
estimators’ values comparable to the commonly acceptable thresholds (Table 3.S8). Two 
latent variables were created in order to represent the N cycle and microbial degradation 
of water hyacinth-derived C. These latent variables represented the shared effect of three 
proxies each: napA, norD and nirB for the N cycle, and edg, mcrA and PCoA1 for the C 
cycle. Although, the model suggests a strong link between the N and C cycles, the first was 
negatively affected by water DO, meanwhile C degradation was influenced by PC3 proxies: 
bacterial density, root biomass allocation, metals and temperature.
3.4 DISCUSSION
Here we show the potential role of the water hyacinth root microbiome in ecosystem 
biogeochemistry.  In agreement with our expectations, (i) an assemblage of microbial taxa 
was conserved in water hyacinth in all sampling sites, composing the core microbiome. 
Moreover, our findings indicate that the core microbiome of water hyacinth roots is 
composed of diverse low abundance taxa displaying increased potential for C degradation. 
(ii) Water characteristics (particularly DO concentrations) differed in each wetland, leading 
to local functional and taxonomic microbial specificity. The local microbiome idiosyncrasies 
were related to abundant lineages, indicating that a large proportion of the community is 
composed of species that are locally abundant; and (iii) water hyacinth decline, inferred from 
PC3, induced slight and linear changes in the microbial community structure, increasing 
root-associated microbial diversity and density as the plant declines.
3.4.1 Water hyacinth core rhizobiome and decomposition  
The identification of the core microbiome of a host is essential to understand the stable 
associations of community members and its key functional contributions (Shade et al, 
2012). In the present study, the most abundant OTUs were assigned as transient, whereas 
the core microbiome harbored mostly rare species (88% of all OTUs), indicating that water 
hyacinth hosts a highly dynamic community. Conserved-rare OTUs were also detected in 
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the rhizosphere of three submerged macrophytes species (Zhao et al, 2017). Some core 
lineages, like Bradyrhizobium, Acidibacter and Variibacter (together accounting for ca. 10% 
of core community) have been reported as endophytic (Wemheuer et al, 2017; Tian & Zhang, 
2017), suggesting that root endophytes are part of the water hyacinth core community. The 
increased relative abundance of cellulases (edg) and pectinases (pel) predicted in the core 
rather than in the transient microbiome also suggests root internalization, as these genes 
are required for efficient endophytic colonization (Reinhold et al, 2015). These enzymes may 
also limit water hyacinth C degradation (Sialve et al, 2009), indicating that water hyacinth 
decomposition is a trait associated with the core community. Some of the abundant 
members of the core microbiome were Myxococcales (Deltaproteobacteria), Planctomycetes 
(Planctomycetaceae and Tepidisphaeraceae) and Sphingobacteriia (Bacteroidetes) (Table 
3.S5). These taxa have been previously associated with aerobic cellulose degradation in 
soil (Schellenberger, Kolb & Drake, 2010). Moreover, the core community also contained 
relatively high abundance of genes involved in fermentation (butyrate kinase, buk), glycolysis 
(pyk) and rTCA cycle (oforA), which are anaerobic processes. Therefore, our findings indicate 
that the core community holds potential for biopolymer degradation, under oxic and anoxic 
conditions.
3.4.2 Oxygen availability drives community composition
As expected from their hydrology and sediment quality, the Pantanal and Amazon had 
different biogeochemical conditions, most notably, lower DO in the Pantanal, and higher NH4 
in the Amazon. The Amazon displayed more deep and oxygenated waters colonized by larger 
plants. The variance observed between wetlands likely explains the local filter for specific 
microbial taxa (Figs. 3.6 and 3.S2, Table 3.S3) as supported by our PERMANOVA analysis. 
Importantly, the local enrichment of taxa indicates that in each wetland different groups 
synergistically degrade water hyacinth-derived carbon. Geobacter, Anaeromyxobacter and 
Coriobacteriaceae, and hydrogenotrophic methanogenic archaeon (Methanobacterium) 
were more abundant in Pantanal.  Interestingly, these anaerobic organisms have been 
associated to consortia performing methanogenesis through extracellular electron 
transfer (Lovley et al, 2011; Kobayahi et al, 2017). In Amazon, an enrichment of the pectin 
degradation pathway was observed, which might lead to increased methanol production 
(Abbott & Boraston, 2008). Methylotrophic taxa include members of the Hyphomicrobiaceae 
family (Morawe et al, 2017) that in association with Rhodobium (Baldwin et al, 2015) were 
abundant in Amazon. As Rhodobiacea have been previously linked to hydrogen-yielding dark 
carbon fermentation (Patel & Kalia, 2013) it is plausible that this group has played a similar 
role as the syntrophic degraders from Pantanal. Planctomycetes, apparently associated 
with pectinases and auxin biosynthesis (Fig. 3.S10), might be favoured by more oxygenated 
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waters found in Amazon, as most abundant lineages like Gemmata and Planctomyces usually 
thrive aerobically (Staley et al, 1992).
3.4.3 Transient rhizobiome and N cycling
Nitrogen metabolism was mainly transient (Fig. 3.S7C), with nirB (DNRA) more abundant 
in Amazon, whereas nifH (N-fixation) prevailed in in the Pantanal, which is likely reflected 
by higher NH4 levels found in Amazon (Table 3.S2). Notably, distinct nitrifying lineages were 
abundant in each wetland, e.g. Nitrospira (Amazon) and Nitrosomonadaceae (Pantanal) 
(Figs. 3.6 and 3.S2). Thus, NH4 and NO3 availability was likely regionally regulated. DNRA 
usually occurs in oxygen-depleted environments and may be limited by NO3
-, NO2
- and 
organic C availability or outcompeted by denitrification at lower C:N ratios (An & Gardner, 
2002). Thus, increased root C:N ratios detected in Amazon should contribute to the DNRA 
enrichment. Moreover, DNRA might outcompete denitrification if NO3
- rather than organic 
C is present at limiting levels (van den Berg et al, 2016; van de Leemput et al, 2011). 
Interestingly, DNRA prevailed in Amazon, where syntrophs oxidizing acetate (e.g. Geobacter 
and Anaeromyxobacter) were less abundant. Thus, decreased acetate metabolism and 
higher root C:N ratios likely enhance DNRA in Amazon, which leads to lower N2 losses to the 
atmosphere, leading to higher N availability. This reinforces the importance of the interplay 
between C and N cycles associated with microbial functioning in these wetlands and can be 
expected to significantly affect wetland N and C budgets.
3.4.4 Root-associated methanogenesis and microbiome diversity
The dominance of the hydrogenotrophic archaeon Methanobacterium and the positive 
correlation between archaeal 16S and mcrA (Fig. 3.S12A) suggests that hydrogenotrophic 
methanogenesis was the main role attributed to the archaeal community. It is likely that 
acetoclastic methanogens were outcompeted or suppressed by anaerobic respiration of S, 
Fe, and Mn or by toxic denitrification intermediates (He et al, 2015). The positive correlations 
of mcrA with diversity and evenness (Fig. 3.S10) emphasize that a syntrophic assemblage 
participates in CH4 production. Moreover, mcrA acted as a main driver of community 
structure, indicating that changes in the assemblage of non-methanogens result in different 
capacities of methane production in the community. Besides the syntrophic C degraders, 
other taxa may regulate methanogenesis. For instance, Acinetobacter, the most abundant 
OTU, was negatively correlated to mcrA (Fig. 3.S10), acting potentially as competitors of the 
syntrophs. 
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Our findings showed a negative correlation between temperature and mcrA (R² = 0.27, 
p < 0.01). Indeed, decrease in temperature likely affects the growth rate of water hyacinth 
(Greco & De Freitas, 2002). Additionally, decreasing insolation and higher grazing, which 
usually begin in April, may trigger plant decline (Carignan & Neiff, 1992), consequently 
favouring C degradation and CH4 production. The negative relationship between abundance 
of genes coding for methanogenesis and DNRA, is probably because of the dependence of 
both processes on by-products of C decomposition (van den Berg et al, 2016). However, the 
availability of N, especially NO3
-, might be crucial to determine whether acetate available 
will feed methanogenesis or DNRA. Although some taxa involved in the C and N cycles were 
reported here, other potential candidates should be better investigated to understand the 
holobiont’s role in the interplay between the C and N cycles. For example, the Acidobacteria 
subgroup 6, detected as abundant and transient in the present study, has been coupled to 
anaerobic C degradation in N-limited conditions (Hester et al, 2018). Moreover, it is likely that 
methanogenesis in the water hyacinth root zone occurs more actively during N starvation 
periods, as CH4 production (inferred by mcrA qPCR) and root C:N ratio were associated in 
Figure 3.6. Diagram illustrating the regional effect of each wetland on microbial community. Water and plant-
related variables significantly increased in Amazon (Table 3.S2) are listed in the rectangle positioned at the center 
of the diagram. Predicted functional traits related to C (red) and N (green) significantly increased in each wetland 
are marked with an asterisk. Dotted lines represent correlations between either two predicted functions or 
between taxa and predicted functions, and are shown in detail in Table 3.S7 and Fig. 3.S10.
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PC3. Besides that, the positive link between denitrification and methanogenesis (Fig. 3.5) 
suggests that periods of maximum CH4 and N2O emissions may co-occur. Importantly, the 
roots achieved its utmost bacterial density and proportional growth when mcrA levels were 
high, which might have contributed to the increased CH4 concentrations and oxidation 
potential (pmoA) detected during the second sampling time. 
3.4.5 Root-associated methane oxidation
Type I methanotrophs genera have been reported in E. crassipes (Yoshida et al, 2014; Zhao 
et al, 2014), e.g. Methylocaldum and Methylomonas. Here, these genera had predominantly 
sporadic occurrence. Yoshida et al. (2014) observed that methanotrophs associated with 
water hyacinth could occupy distinct niches: surface-attached or within roots. Candidatus 
Methylospyra, a mobile methanotroph thriving under micro-aerophilic conditions (Danilova 
et al, 2016), had a distinct occurrence pattern closely related to the anaerobic C-degraders 
enriched in Pantanal (Fig. 3.S13), likely feeding on CH4 produced within roots and potentially 
supplied with O2 released by water hyacinth roots. However, it is unlikely that CH4 oxidation 
has depended solely on rhizospheric CH4 production in water hyacinth, since the relative 
contribution of methanotrophic bacteria was much higher than methanogenic archaea, and 
there was a weak correlation between pmoA and mcrA (Fig. 3.S12B). A large proportion of 
the CH4 production therefore seems to occur in the sediment below the root zone, receiving 
C from plant die-off. Moreover, pmoA counts indicated that the potential for CH4 oxidation 
was highest in Amazon. Possibly, aerobic methanotrophs were not as abundant in Pantanal 
due to O2 limitation.
3.5 MAIN CONCLUSIONS
Overall, the present study reveals that water hyacinth hosts an intriguing diverse and variable 
microbiome, in which most taxa (88% of all OTUs) were conserved in the core microbiome, 
but only made up 15% of the whole community. Our findings suggest that seasonal plant 
decline associated with decreased temperature, increased proportional root biomass, 
root C:N ratio and bacterial density, induced gradual and constant changes in microbial 
community structure. Moreover, CH4 production (mcrA) represented a reliable proxy of 
this change in microbial community structure. Importantly, C degradation pathways were 
abundant in the core microbiome and likely crucial to feed biogeochemical transformations, 
especially N cycling. 
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However, several processes including DNRA, N fixation, and denitrification were more 
abundant in the transient microbiome, varying locally. This variation in microbial function 
and in their associated taxa may help explain the success of water hyacinth under a wide 
range of environmental conditions and explain differences in N availability and budgets 
between regions. Further insights on water hyacinth-associated microbiome should address 
microbial compartmentalization in different root layers and deeper investigation of the 
water hyacinth C degradation under monitored growth conditions.
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The impact of water hyacinth
(Eichhornia crassipes) on greenhouse gas
emission and nutrient mobilization depends
on rooting and plant coverage
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ABSTRACT
Water hyacinth stands are known to affect both nutrient concentrations in the water and 
carbon exchange with the atmosphere. However, both enhanced and reduced greenhouse 
gas (GHG) emissions have been reported in relation to water hyacinth presence. This 
controversy may be explained by variation in plant density and rooting. High growth rates 
indicate its capacity to mobilize and store nutrients in the tissues, and assimilate large 
amounts of carbon dioxide (CO2). Simultaneously the plant can stimulate methane (CH4) 
emission. This may occur when plants are rooting in the sediment due to CH4 shuttling from 
the sediment, through the plant, into the atmosphere. To unravel the potential influences 
of water hyacinth on nutrient dynamics and GHG fluxes, we performed an experiment in 
which plant coverage and root access to the sediment were manipulated. Plants reduced 
phosphorus concentrations in water and pore-water, independent of coverage and rooting, 
also rooting plants grown at high coverage showed higher plant N:P ratios.  CH4 emissions 
were highest at high coverage and were further increased by rooting, indicating that plant-
mediated transport indeed takes place. However, the overall GHG budget in terms of CO2 
equivalents still resulted in the water hyacinth vegetation being near neutral, or even a 
net sink with respect to GHG exchange. The plant-induced enhancement of CH4 emissions 
suggests that the plant can be an effective CO2-to-biomass-to-CH4 converter. Our results 
show that plant coverage and water depth – regulating sediment-root contact – should be 
taken into account when estimating water hyacinth’s effect on GHG emissions.
Key words: floating plant; nutrient dynamics; methane; carbon dioxide; eutrophication; 
invasive species.
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4.1 INTRODUCTION
Water hyacinth (Eichhornia crassipes (Mart.) Solms) is notorious worldwide – particularly 
in the topics and subtropics – because of the problems it poses to economy, society 
and ecology when occurring at high densities in lakes, basins, rivers and other wetlands 
(Villamagna and Murphy, 2010; Malik et al., 2007). Its high tolerance range with respect 
to environmental conditions including pH, temperature and nutrient levels ( Wilson et al., 
2005; Gutierrez et al., 2001) provides an ample spectrum of colonization, and explains its 
wide-spread occurrence and nuisance. Its fast growth rates and rapid dispersal through 
asexual reproduction explain the species’ ability to form extensive floating mats comprising 
high biomass (Pinto-Coelho and Greco, 1999). Water hyacinth is also frequently used for 
water purification and bioremediation purposes because of its high nutrient uptake rate 
(Aoyama and Nishizaki, 1993; Saha et al 2017; Alvarado et al 2008; Fox et al 2008). 
Nutrient availability strongly determines Eichhornia’s growth rate as well as nutrient 
allocation (Xie et al., 2004). Maximum nutrient uptake efficiency is typically reached in the 
early growth stage (Reddy et al., 1989; Reddy et al., 1990), explaining the formation of large 
mats in a few days (Tellez et al., 2008). Water hyacinth’s high growth rate results in high 
carbon dioxide (CO2) uptake at rates of 3.4 - 5.4 g C-CO2 m
-2 day-1 as reported for tropical lakes 
(Peixoto et al., 2016). In these lakes, the vegetation even offsets open water CO2 emissions, 
turning the systems into CO2 sinks. While water hyacinth growth may decrease CO2 emissions 
in this way, its presence may simultaneously increase the emission of methane (CH4) (Banik 
et al., 1993), having a global warming potential (GWP) of 34 times CO2 over a 100 year 
time scale (Myhre et al., 2013). Therefore, even relatively low rates of CH4 emission could 
offset the high CO2 assimilation, turning water hyacinth mats into a greenhouse gas (GHG) 
source. The high coverage of water hyacinth suppresses light penetration and therefore 
photosynthetic activity in the water below. In combination with reduced O2 diffusion from 
the atmosphere into the water by its cover, this may result in anaerobic conditions below 
the water hyacinth mat (Reddy and DeBusk, 1991) as has also been described for other 
floating plants (e.g. Caraco and Cole, 2002; Grasset et. al., 2016). Research performed in 
ditches and tanks showed that the combination of decreasing O2 concentrations and high 
organic matter production by water hyacinth favors CH4 emission. This effect was strongest 
after multiple years, probably due to organic matter accumulation (Banik et al., 1993). 
Aquatic plants rooting in the sediment tend to enhance CH4 emissions by transporting 
CH4 directly from the sediment to the atmosphere. This plant-mediated CH4 emission is 
an important pathway, responsible for 31% (Dorodnikov et al., 2011) to 96% of the total 
emission of inland waters (Whiting and Chanton, 1992). Plant-mediated CH4 transport may 
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take place through convective flow (pressurized flow), a common mechanism for aquatic 
plants, or by passive molecular diffusion (Cronk and Fennessy, 2016; Grosse et al., 1996; 
Konnerup et al., 2011). Although water hyacinth is generally reported as a floating plant, 
the species is able to root in the sediment (Owens and Madsen, 1995; Ren and Zhang, 
2007) when the water level is sufficiently low (less than 50 cm; personal observation). Plant-
mediated CH4 emission is expected to increase when the plant is rooted in the sediment, as 
transport rates are determined by concentration differences between compartments, and 
CH4 concentrations tend to be much higher in sediment pore-water than in surface water. 
Possibly, the increase in plant-mediated transport of pore-water CH4 to the atmosphere 
may also prevent the gas concentration to reach the saturation concentration thereby 
inhibiting the formation of bubbles in the sediment, in turn decreasing ebullition. Yet, if 
formed, bubbles can be trapped underneath the massive roots of this species, enhancing 
CH4 concentration in the water column (Kosten et al 2016).
On the other hand, methanotrophs associated with plant roots (Yoshida et al., 2014) may 
also oxidize a considerable portion of the CH4 dissolved in the surface water or pore-water 
(Kosten et al., 2016). The overall effect of floating plants on CH4 emissions is therefore by no 
means straightforward. As an example, while Bolpagni et al. (2007) and Ribaudo et al. (2012) 
found that floating plants increase CH4 emissions, Bharati et al. (2000) found a reduction of 
CH4 emissions (see also Kosten et al. (2016) for an overview of field observations on the effect 
of floating plants on CH4 emissions). Even when aquatic plants increase CH4 emissions, their 
overall GHG budget may still be counterbalanced by their high growth rates - and therefore 
CO2 uptake rates, but clearly the overall budget also depends on the decomposition of the 
plants. Plants rooted in the sediment tend to have higher growth rates compared to the 
free-floating forms (Owens and Madsen, 1995), likely due to the access to nutrients in both 
sediment and water and nutrient levels being typically higher in sediments. Therefore, plants 
rooted in the sediment are likely to have the highest CO2 uptake rates. Another way that 
floating plants may increase the nutrient availability is through their effect on water column 
oxygen concentration. Especially at high coverage low oxygen concentration are likely to 
reduce to level that favor sediment P release (Tang et al 2016), possibly further enhancing 
the growth rate – and CO2 uptake – of plants growing at high densities. This examples clearly 
illustrate that access to N and P pools and C-fluxes are strongly interrelated, which is why we 
focused on all three elements on this study.
Although water hyacinth has been widely studied because of its effect on nutrient uptake, 
the effects of water hyacinth mats on GHG emissions are not at all straightforward. Only 
few studies have investigated the effects of water hyacinth on total GHG (CH4 and CO2) 
emissions (Banik et al., 1993; Peixoto et al., 2016; Attermeyer et al., 2016), and none of 
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these has included the effects of plant coverage or rooting. Moreover, the few studies that 
investigated the effect of water hyacinth on GHG balance showed contrasting results (Banik 
et al., 1993: enhanced CH4 emissions; Attermeyer, et al., 2016: decreased CH4 emissions). 
We therefore used a controlled, full-factorial experimental approach to elucidate the roles 
of water hyacinth coverage and rooting on GHG dynamics. We hypothesized that differences 
may occur: 1) due to variation in coverage; and 2) related to whether or not the plants 
are rooted in the sediment. With respect to hypothesis 1) we expect that an increase 
in coverage may either increase or decrease CH4 emissions, depending on either the 
enhancement of methanogenesis due to lower oxygen (O2) concentrations below the plant 
layer, or the enhancement of CH4 oxidation due to a higher root biomass and the associated 
methanotrophic microbiome. With respect to hypothesis 2) we expect CO2 uptake rates to 
be highest when plants have access to nutrients in the sediment, also leading to lower pore-
water nutrient concentrations and plant C:N and C:P ratios. In addition, we expect diffusive 
CH4 emissions – especially plant-mediated emissions – to increase when plants are able to 
root. 
4.2 MATERIALS AND METHODS 
4.2.1 Experimental set-up
The experiment was conducted in 24 glass aquaria of 24 L (20 × 20 × 60 cm; length × width 
× height) filled with a layer of 7 cm of fresh sediment, and a layer of 38 cm of demineralized 
water in which mineral concentrations were only determined by sediment-water exchange. 
The sediment was collected from a eutrophic drainage ditch (Ede, The Netherlands; 
51°59’43.58”N, 5°38’38.91”E) in September 2014, and was sieved (5.0 mm mesh) to remove 
stones and vegetation remnants. Sediment characteristics were determined at the beginning 
of the experiment (Table 4.1). The aquaria were coated by dark plastic at the same level 
of the water to prevent light entering from the sides, thereby avoiding algae formation, 
and placed in a water bath at 23 °C at the greenhouse facilities of the Radboud University 
(Nijmegen, The Netherlands). The water circulated through the water bath. Day and night 
temperatures differed less than 1 oC. A light frame of 220 µmol m-2 s-1 PAR (16h light/8h dark) 
was provided by Philips Green Power 400V/1000 WE lamps in a New E-Papillon 1000 W 
armature approximately 5 m above the aquaria, to provide sufficient light in case of cloudy 
conditions. During sunny days the lamps are off, only when light intensity drops below 220 
the lights automatically turn on.
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Table 4.1. Sediment characteristics at the beginning of the experiment (mean ± SD; n=3).
Compound Unit Value
Organic matter content % 3.32±0.42
Total-P µmol g-1 DW 15.65±1.27
Olsen-P µmol g-1 DW 0.85±0.10
Salt-extractable NH4
+ µmol g-1 DW 0.25±0.08
Salt-extractable NO3
- µmol g-1 DW 0.02±0.00
Total-Fe-1 µmol g-1 DW 88.13±4.65
Total-Al µmol g-1 DW 81.49±3.80
Total-Ca µmol g-1 DW 100.43±6.63
Water hyacinth was collected from a commercial breeder (Nijmegen, the Netherlands) 
and cultivated in the greenhouse for approximately 10 months prior to the experiment, on 
organic sediment to which slow-release phosphorus granules were added. The experiment 
lasted for 59 days, from October to December 2014. The aquaria were randomly assigned 
to controls without plants, low coverage (50% of water hyacinth coverage) or high coverage 
(100% coverage). In half of the treatments, a mesh (1.0 mm mesh size) was placed just above 
the sediment to prevent the plants from rooting in the sediment. The mesh was placed in 
the aquaria in a slightly inclined way to prevent bubbles emerging from the sediment to get 
stuck below the mesh. The distance of the mesh to the sediment surface was approximately 
2 cm at the lower side and 5 at the upper part, dividing the plant treatments into rooted and 
non-rooted treatments. There were 4 controls without, and 4 with a mesh (jointly referred 
Figure 4.1 Experimental design. Glass aquaria used to incubate water hyacinth. The left side of the figure shows 
the glass lid used to close the aquarium for the diffusion (in and outlet) and ebullition (membrane) measurements. 
A mesh was used above the sediment to prevent rooting in the sediment. C w/o mesh represents control without 
mesh; C w mesh represents control with mesh; 50% nR represents low coverage with mesh; 50% R represents low 
coverage without mesh, allowing rooting in the sediment; 100% nR represents high coverage with mesh; 100% R 
represents high coverage without mesh, allowing rooting in the sediment.
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to as ‘controls’). We added individual water hyacinth plants to each aquarium: 1) 160 g (fresh 
weight - FW) to the low coverage treatment with mesh (non-rooted – 50%nR) or without 
mesh (rooted – 50%R); and 2) 413 ± 2.63 g (FW ± SD) to the high coverage treatment with 
mesh (non-rooted – 100%nR) or without mesh (rooted – 100%R) resulting in 4 treatments 
and 2 types of controls all with n=4 (Fig. 4.1). The fresh weight of the total biomass was 
measured after carefully blotting the plants dry with paper towel. We visually determined 
the coverage of vegetation each 15 days and harvested excess coverage when necessary to 
maintain a 50% coverage in the low coverage treatment.
4.2.2 Chemical analyses
Dissolved oxygen (DO), pH and temperature were measured weekly at both the surface 
(3.5 cm below water surface) and bottom layer of the water column (25 cm below the 
surface), using a portable multi-meter (HQ40d multi, HACH, Loveland, Colorado, U.S.A.) 
during the day. Surface and pore-water samples were collected anaerobically every week 
during the experiment using soil moisture samplers (SMS rhizons, Eijkelkamp, Giesbeek, 
Netherlands). The moisture samplers (2.5 mm diameter and porous of 0.1 µm) were 
installed at the beginning of the experiment and left in place until the end to avoid sediment 
disturbance. Total inorganic carbon (TIC) of water samples was measured with an Infra-red 
Gas Analyzer (IRGA; ABB Analytical, Frankfurt, Germany). Concentrations of PO4
3-, NO3
- and 
NH4
+ in the water samples were measured colorimetrically on an Auto-Analyzer 3 system 
(Bran & Luebbe, Norderstedt, Germany) using ammonium molybdate (Henriksen, 1965), 
hydrazine sulphate (Kamphake et al., 1967) and salicylate (Grasshoff and Johannsen, 1972), 
respectively. Concentrations of dissolved total P (DTP) were measured by inductively coupled 
plasma-optical emission spectrometry (ICP-OES; IRIS Intrepid II, Thermo Fisher Scientific, 
Franklin, MA, U.S.A.). Dissolved organic carbon (DOC) in water samples was measured with 
a TOC-L CPH/CPN analyzer (Shimadzu, Kyoto, Japan) at the end of the experiment.
Sediment samples were collected at the start and the end of the experiment, and 
subsequently dried for 48h at 60 °C. Dry samples were heated for 4 hours at 550 °C and re-
weighed to determine organic matter contents. Dried sediment (200 mg) was digested in a 
microwave oven (MLS-1200 Mega, Milestone Inc., Sorisole, Italy) using 4 ml 65% HNO3 and 1 
ml 30% H2O2 to determine total sediment Fe, Al, Ca and P concentrations. Digested samples 
were analyzed by ICP-OES (see above). Olsen P extracts (plant available P) was determined 
by extraction according to Olsen (1954), whereas a NaCl-extraction (exchangeable NH4
+ and 
NO3-) was performed as described by Tomassen et al. (2004). 
Chapter 4
74
4.2.3 Greenhouse gas flux measurements
4.2.3.1 Diffusive flux
After 30, 38 and 45 days greenhouse gas (CO2 and CH4) diffusive fluxes were measured in 
duplicate and we present the average of them (when the duplicate measurements strongly 
deviated a third measurement was performed) sampled during the day and night using a 
transparent lid with airtight in - and outflow on top of the aquarium to establish a closed 
system connected to a Picarro G2508 Greenhouse Gas Analyzer (Picarro Inc., Santa Clara, CA, 
USA). The duplicates were conducted after all aquaria were measured to minimize the effect 
of changes in light intensity during the day. The lid was sealed airtight with Terostat paste 
(Terostat IX, Teroson GmbH, Heidelberg, Germany). Measurements were conducted until a 
clear linear increase in CO2 and CH4 was observed (typically 3-5 minutes). The slope of the 
relationship between gas concentration and time was used to calculate the diffusive gas flux 
as explained by Almeida et al. (2016). When the linear increase was interrupted by a sudden 
increase in gas concentration – due to bubbling – the lid was removed to restore ambient air 
concentrations, and the diffusive flux measurement was repeated. By diffusion flux here we 
consider the water-headspace diffusion and the plant mediated transport fluxes.
4.2.3.2 Ebullitive flux and CH4 concentration in the water
Total CH4 fluxes (ebullitive + diffusive) were measured 3 times (on day 31, 39 and 46) during a 
period of 24 hours. During this time the glass lid (equipped with a rubber septum) was closed 
as described before. The increase in CH4 concentration during 24 hours was determined by 
sampling the headspace (in duplicate) using a 1ml plastic syringe and needle through the 
septum at the start and the end of the incubation and subsequent directly injecting 0.5 ml 
into a gas chromatograph (HP 5890 equipped with a Porapak Q column (80/100 mesh), a 
flame ionization detector (GC-FID, Hewlett Packard, USA) and oven temperature 120 °C). The 
total amount of CH4 emitted was calculated by multiplying the change in CH4 concentration 
in the headspace between t=0 and at the end with the volume of the headspace. The 
ebullitive fluxes were calculated by subtracting diffusive CH4 fluxes determined the day 
before from the total amount of CH4 emitted. Diffusion back into the water, occurring when 
the concentration in the headspace becomes higher than the concentration in the water, 
may lead to an underestimation of the ebullitive flux. We therefore calculated this loss of 
CH4 from the headspace, i.e. the flux back into the water, for these cases (controls and 
50%nR treatments) using a gas transfer velocity of 0.05 m/d, the headspace concentration 
at the end of the 24 hour flux incubation the calculated concentration in the water, and 
we calculated the CH4 concentration in the water based on the diffusive flux and the same 
gas transfer velocity. The gas transfer velocity is the speed at which a gas passes the water 
atmosphere boundary layer. Its magnitude was determined using the oxygen depletion 
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and subsequent re-oxygenation method (Kosten et al 2016) under no wind conditions 
(unpublished data). Finally, we added this loss of CH4 from the headspace to the ebullitive 
flux. Maximum loss of CH4 from the headspace, i.e. assuming ebullition took place at the 
beginning of the 24 hours measurement, was 14% on average.
4.2.3.3 Global Warming Potential 
To evaluate the net GHG effect we used a global warming potential (GWP) of 34 for CH4 
converting to CO2-eq fluxes as described by Myhre et al. (2013).
4.2.3.4 Plant measurements
At the start of the experiment four extra plants were dried (148.37 ± 13.18 g FW ± SD 
and 9.00 ± 0.94 g DW ± SD) and used to analyze initial nutrient contents. At the end of 
the experiment all plants were collected. Water hyacinth plants were divided into leaves, 
petioles, and roots. The fresh plant samples were weighed and dried for 48 h at 60 °C, after 
which they were weighed again, ground and homogenized. Subsequently, 200 mg of dry 
plant material was ground and digested to determine total P concentrations in plants as 
described for the chemical analysis of sediment. An additional 3 mg of dry plant samples 
was combusted to determine C and N content with an elemental analyzer (Carlo Erba NA 
1500, Thermo Fisher Scientific, Waltham, MA, USA).
4.2.3.5 Statistical analyses
Shapiro-Wilk’s test and Bartlett’s test were conducted to test normality of residuals and 
equality of error variances, respectively. Non-normal or heteroscedastic data were log 
transformed to meet these two requisites. Linear mixed models were used to test the main 
effects and interactions of treatments over time on water characteristics, DO, GHG fluxes, 
GWP, C:N, C:P and N:P molar ratios, and N and P contents in different plant tissues. In the 
linear mixed models, the aquarium number and the time were assigned as random effects. 
The aquarium number was assigned as random effect to remove the variance regarding 
the aquarium contribution (stochastic variability among the aquarium), and time was 
assigned as random effect to remove the temporal autocorrelation effect, once multiple 
measurements were made in each aquarium along the 59 days of the experiment. All linear 
mixed models were performed using the package nlme4 (Bates et al 2015). Tukey tests were 
performed to find differences between treatments using the package multcomp (Hothorn 
et al 2008) The effects of treatments and differences between treatments were considered 
significant if P < 0.05. All statistical analyses were carried out using the software programR 
version 3.2.1 (R development Core Team, 2015). All graphs were plotted using SigmaPlot 
v.11 (Systat Software Inc, 2008).
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4.3 RESULTS
4.3.1 Biogeochemistry in water column and sediment
Dissolved oxygen (DO) concentrations in the water layer of the aquaria were below the 
saturation concentration (i.e. 8.5 mg L-1 at 23 oC) and significantly varied among treatments 
(X² = 33.53, df = 5, P < 0.001). DO concentrations were significantly lower in aquaria with 
plants (3.5 ± 0.2 mg L-1) compared to the control aquaria without plants (5.7 ± 0.4 mg L-1) 
(Tukey, P < 0.05). We did not observe algal formation on the aquarium walls, sediment 
surface, mesh or water column in the vegetation treatments. However, we did observe algal 
growth in the water column of the controls. In the controls with mesh we also observedalgal 
growth on the meshes. The algal growth in the control treatments might be related to the 
DO concentration variation among treatments (Fig. 4.2).
 
The treatments including water hyacinth had 10-50 % lower concentrations of DTP and 
phosphate (PO4
3-) in the surface water compared to the controls (Tukey, P < 0.001 for both 
nutrients; Table 4.2). The vegetated treatments had a significant effect on NO3
- concentrations 
in the surface water ( X² = 40.01; df = 5; P < 0.001). NO3
- and PO43- were also significantly 
lower in the pore-water in the vegetated treatments compared to the control (Tukey, 
P < 0.001 for both nutrients; Table 4.3). 
Figure 4.2 Mean dissolved oxygen concentrations (±SD) of the water layer at 20 cm depth for controls (C), low 
coverage (50%), and high coverage (100%) of water hyacinth with (R) or without rooting (nR) in the sediment (n = 
4). Different letters indicate significant differences between treatments (P < 0.001). 
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Table 4.2. Characteristics of the surface water during the experiment. All concentrations are given in µmol L-1. DOC 
concentrations were determined at the end of the experiment (mean ± SD; n=4), whereas the other parameters 
were analyzed multiple times during the experiment (overall average values are given, mean ± SD; n=4). Significant 
differences between treatments are indicated by different letters (P <0.05).
Characteristics C w/o mesh C with mesh 50%nR 50%R 100%nR 100%R
DTP 17.4 ± 10.3a 11.1±2.7a 2.2 ± 0.3b 7.8 ± 9.2b 6.4 ± 8.3b 3.7 ± 2.6b
PO43- 12.8 ± 5.8a 9.5±2.7a 1.6 ± 0.3b 7.8 ± 10.8b 1.4 ± 0.2b 2.8 ± 2.0b
NH4
+ 16.9 ± 12.4 6.2±1.1 6.8 ± 0.9 60.6 ± 108.4 39.8 ± 67.5 6.2 ± 1.1
NO3- 9.5 ± 1.6a 1.2±1.1b 1.8 ± 2.1b 0.4 ± 0.2b 0.6 ± 0.4b 0.4 ± 0.3b
TIC 734.3 ± 198.4b 1020.4 ± 133.3a 1052.0 ± 201.7a 1417.0 ± 556.1a 1319.0 ± 259.4a 1212.0 ± 206.5a
DOC 944.0 ± 271.8 890.7 ± 663.1 855.5 ± 396.0 469.3 ± 548.5 997.2 ± 547.3 629.0 ± 290.5
Table 4.3. Characteristics of the pore-water during the experiment. All concentrations are given in µmol L-1 (mean 
± SD; n = 4).
Nutrient Sample  
time
Control Mesh 50%nR 50%R 100%nR 100%R
NO
3-
Time 1 3.16 ±1.10 3.39 ±0.86 2.98 ±0.43 3.36 ±1.29 3.02 ±0.57 2.11 ±0.53
Time 2 2.35 ±1.70 3.86 ±1.57 4.66 ±3.04 4.37 ±2.81 4.74 ±2.97 2.33 ±0.23
Time 3 0.83 ±1.66 0.00 ±0.00 0.05 ±0.07 0.01 ±0.02 0.00 ±0.01 0.13 ±0.25
Time 4 2.30 ±0.37 1.24 ±0.27 1.79 ±0.82 1.84 ±0.67 1.65 ±0.75 1.07 ±0.18
Time 5 0.87 ±1.27 1.42 ±1.17 0.63 ±0.42 0.64 ±0.52 0.52 ±0.59 0.23 ±0.36
N
H
4+
Time 1 1167.38 ±599.76 1499.54 ±80.48 1446.61 ±206.92 1180.58 ±720.39 1331.03 ±502.04 1003.06 ±641.47
Time 2 841.58 ±508.89 1063.96 ±207.18 1122.40 ±99.95 918.76 ±567.08 772.63 ±679.23 528.67 ±262.93
Time 3 747.32 ±524.58 1161.80 ±111.51 1190.02 ±112.67 923.28 ±620.10 774.08 ±657.75 301.14 ±287.75
Time 4 645.68 ±523.58 1111.54 ±95.76 800.23 ±469.12 588.08 ±661.99 583.39 ±602.72 147.03 ±257.68
Time 5 665.78 ±413.86 980.70 ±157.57 703.54 ±509.75 742.97 ±445.27 387.66 ±374.45 100.16 ±181.02
PO
43
-
Time 1 40.66 ±19.15 46.76 ±7.47 41.10 ±20.85 33.30 ±14.51 50.27 ±12.83 50.41 ±7.09
Time 2 50.24 ±13.24 48.71 ±5.95 46.33 ±22.15 33.87 ±21.53 29.54 ±18.67 39.84 ±17.97
Time 3 98.06 ±58.23 103.09 ±5.45 88.95 ±14.42 83.74 ±50.87 89.67 ±35.84 67.59 ±39.50
Time 4 126.22 ±25.06 132.22 ±4.36 82.79 ±45.00 55.03 ±58.09 81.10 ±56.83 37.40 ±41.29
Time 5 143.22 ±25.21 129.49 ±7.46 74.82 ±43.61 89.93 ±27.66 71.57 ±49.82 28.78 ±35.61
N:
P
Time 1 34.26 ±29.44 32.81 ±5.72 52.15 ±45.27 36.04 ±25.73 29.78 ±17.25 20.54 ±14.50
Time 2 16.48 ±10.83 21.80 ±2.42 34.90 ±30.47 27.62 ±5.41 33.63 ±20.01 13.10 ±0.77
Time 3 6.43 ±3.45 11.32 ±1.57 13.76 ±3.46 8.55 ±5.76 7.23 ±4.89 3.76 ±2.34
Time 4 4.67 ±3.28 8.42 ±0.77 9.73 ±2.54 9.56 ±5.55 5.27 ±3.84 2.23 ±2.17
Time 5 4.40 ±2.43 7.65 ±1.68 7.94 ±5.61 7.50 ±4.01 4.35 ±2.06 1.99 ±1.95
4.3.2 Nutrient concentrations in different plant tissues
P concentrations significantly varied between the plant tissues (X² = 27.54; df = 1; P < 0.01). 
P concentrations were on average 208.8 ± 33.6 µmol g-1 DW in the petioles and 154.5 ± 
36.8 µmol g-1 DW in the roots. P concentrations in the petioles at the end of the experiment 
did not significantly differ from the beginning, with the exception of the treatment with a 
coverage of 50% and rooted plants where P concentrations significantly increased (Tukey; P 
< 0.05; Fig. 4.S1 left). The same was found for P concentrations in the root (Tukey; P < 0.05 
Fig. 4.S1 right). 
Chapter 4
78
N concentrations was also significantly different in the different plant tissues (X² = 14.50; 
df = 1; P < 0.001). The average N concentrations in the petioles was 566.8 ± 160.4 µmol g-1 
DW and in the roots 725.9 ± 71.5 µmol g-1 DW. N concentrations in the petioles at the end 
of the experiment did not significantly differ from the beginning, with the exception of a 
significant increase in the high coverage rooted treatment (Tukey, P < 0.01; Fig. 4.S1 right). 
No differences among treatments was found for N concentrations in the roots.
Nutrient ratios changed in time (start vs. end) and between treatments (Fig. 4.3). C:N in the 
plant petioles decreased at the high coverage rooted plants (Tukey, P < 0.05). In contrast, 
the same treatment (100% coverage and rooted plants) presented higher N:P ratios in the 
petioles at the end (Tukey, P < 0.05), which was not seen in the roots, for instance, where all 
decreased in time. Low coverage rooted and not rooted plants showed lower C:P ratios in 
the roots at the end (Tukey, P < 0.05) (Fig. 4.3).
Figure 4.3 Ratios (±SD) between C and P, between C and N, and between N and P in petioles (left panel) and roots 
(right panel) of water hyacinth for low coverage (50%) and high coverage (100%) with (R) or without (nR) roots in 
the sediment at the end and start of the experiment. All nutrient ratios are given in µmol µmol-1. Different letters 
on the top of the bars indicate significant differences between treatments including the start of the experiment 
(P < 0.05). No letters are used for C:N ratio in the roots because no  statistical difference was found.
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4.3.3 Greenhouse gas fluxes
Total CH4 fluxes were statistically different between treatments (X² = 35.68; df = 5; 
P < 0.001), and were highest at high coverage (Tukey; P < 0.05), which was caused mainly by 
high diffusion rates (X2 = 36.16; df = 5; P < 0.001; Fig. 4.4 left). For 50% and 100% coverage, 
total CH4 fluxes were on average 2.5 and 11 times higher than in the control treatments, 
respectively, considering rooted and not rooted plants together. At low coverage, diffusive 
CH4 emissions were significantly higher when water hyacinth rooted in the sediment (Tukey, 
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P < 0.001; Fig. 4.4 left). At high density, we found no effect of rooting on CH4 diffusion – 
including both the water-atmosphere, and plant mediated fluxes. Rooting did not affect 
ebullition in both coverage treatments. Diffusive CH4 emissions did not differ between day 
and night (t test; P > 0.05). CO2 fluxes differed between treatments (X
2 = 29.27; df = 5; 
P < 0.001; Fig. 4.4 right). Algal growth on the walls and in the water led to a daytime CO2 
uptake in 33% of the control treatments – with and without mesh. The cumulative daily 
flux, however, tended to be positive, i. e. CO2 was emitted to the atmosphere on a 24 hours 
basis. While controls without water hyacinth functioned as a net CO2 source, all treatments 
with water hyacinth served as a net CO2 sink. Rooting did not affect net CO2 fluxes (Tukey, 
P > 0.05). Day and night CO2 fluxes differed in the aquaria with plants, with CO2 uptake 
during the day and emission during the night (Fig. S2). Overall, the Global Warming 
Potential (GWP), expressed as CO2 equivalents, showed a treatment effect (X² = 35.44; df =5; 
P < 0.001, Fig. 4.5), and indicated that the vegetation acted as a net GHG sink at low coverage 
and was near neutral with respect to GHG balance at high coverage.
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Figure 4.4 CH4 (left) and CO2 (right) fluxes (±SD) for controls (C), low coverage (50%), and high coverage (100%) of 
water hyacinth with (R) or without rooting (nR) in the sediment (n = 4). Letters show significant difference between 
treatments (P < 0.05) indicating from top to bottom on the left figure: total fluxes, and diffusive flux. No difference 
was found for ebullition flux. Note different scales for the y-axis on the right figure. Negative numbers refer to 
uptake.
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4.4 DISCUSSION
We found that water hyacinth presence significantly increased both diffusive and ebullitive 
CH4 emissions. The emission increased with plant coverage, especially when plants were 
rooting in the sediment. The latter is in line with our hypothesis regarding the role of plant-
mediated CH4 fluxes. It also stresses the importance of water depth for CH4 emissions, as 
plants can only root in the sediment when the system is sufficiently shallow. Contrary to 
our expectations, however, we found no effect of rooting on CO2 uptake rates. Without 
taking into account the longer-term decomposition of water hyacinth’s biomass, the high 
CO2 sequestration rates of the plant resulted in the overall GHG budget, in terms of CO2 
equivalents, being near-neutral or even a GHG sink, depending on water hyacinth coverage.
4.4.1 Effect of water hyacinth on oxygen concentrations and CH4 emissions
Water hyacinth cover led to 40% lower O2 concentrations in the water column (Fig. 4.2). Low 
O2 concentrations have been reported for the water below other floating plant species, in 
both field and laboratory studies (Masifwa et al., 2001; Nahlik and Mitsch, 2006), and have 
been attributed to the suppression of O2 diffusion across the air-water interface, decrease 
of primary production in the water column due to lower light availability and the high O2 
demand of decomposing plant material (Reddy and DeBusk, 1991). Low O2 concentrations 
in the water can be expected to result in lower O2 penetration into the sediment, in turn 
increasing sediment CH4 emissions (Huttunen et al., 2006). This may, at least partially, 
explain why the diffusive CH4 emission to the atmosphere - including plant mediated fluxes 
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Figure 4.5 Global warming potential (GWP; mean ± SD for controls (C), low coverage (50%) and high coverage 
(100%) water hyacinth coverage with or without rooting in the sediment (n = 4). Different letters indicate significant 
differences between treatments (P < 0.001).
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– was up to 17 times higher in aquaria with water hyacinth compared to the controls. 
Water hyacinth has previously been reported as a CH4 – emission enhancer (2 to 5 times 
higher CH4 emission than open water; Banik et al., 1992). Another study, in contrast, 
showed 2.6 times lower CH4 fluxes from water hyacinth mats compared to open waters 
(Attermeyer et al., 2016). We postulate that this discrepancy may be driven by different 
underlying mechanisms. For one, the plant coverage values (which were not reported) in 
these two studies might have differed, with higher coverages potentially leading to higher 
methanogenesis rates. Additionally, along the roots of water hyacinth, CH4 oxidation takes 
place due to metanotrophic activity (Yoshida et al., 2014) conducted by a diverse microbial 
community (Avila et al. in prep), likely stimulated by radial oxygen loss from the roots 
(Kosten et al., 2016). Variation in root biomass – which is strongly related to coverage –, 
exudate loss, the composition and activity of the root microbiome, and water and sediment 
composition can all be expected to affect CH4 oxidation rates and hence CH4 emission rates. 
In our study, higher coverage led to higher diffusive CH4 fluxes, presumably due to a higher 
(root) biomass leading to more DOC leaching into the water, in turn fueling CH4 production. 
A second process increasing the diffusive flux at high coverage may be the dissolution of 
bubbles trapped below plants (Kosten et al., 2016) leading to a higher CH4 concentration in 
the water (the CH4 concentration was 4 times higher for the high coverage as compared to 
lower coverage) and a consequently higher diffusive flux. High concentrations of CH4 in the 
water at high coverage may also enhance plant-mediated fluxes. As the roots are exposed 
to high CH4 concentrations at high densities, both in the water column and – when rooted 
– in the sediment, this may explain the lack of rooting effect on diffusive fluxes at high 
coverage. In our study, we found that rooting led to 4 times higher diffusive CH4 emissions 
at low plant coverage (and 1.3 times higher, though not significant, for high density), most 
possibly caused by direct shuttling of CH4 produced in the sediment to the atmosphere, 
thereby escaping CH4 oxidation (Bastviken, 2009; Thomas et al., 1996). Plant-mediated 
CH4 transport may be especially strong in shallow systems because of the relatively short 
distance between roots in the sediment and floating parts (Hamilton et al., 2014), resulting 
in higher emission rates.
Ebullition accounted, on average, for 15% of the total CH4 emissions for all plant treatments 
while it reached 66% for the control treatments. At high coverage, the bubbles may have 
been trapped below the plants and partially dissolved into the water, increasing the 
CH4 concentration in the water, in turn potentially increasing the diffusive flux. The high 
contribution of ebullition to the total CH4 flux we found for the unvegetated controls 
underlines once more that ebullition is one of the most important pathways of CH4 emission 
from freshwaters to the atmosphere (Bastviken et al., 2008; Sawakuchi et al., 2014; Segarra 
et al., 2013). 
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4.4.2 Effect of water hyacinth on nutrient dynamics and carbon dioxide emissions 
Plant coverage and its access to the sediment did not affect nutrient uptake and allocation 
in a consistent way, although rooting plants grown at high coverage showed higher plant 
N:P ratios (Fig. 4.3), mainly due to higher plant N concentrations (Supplementary material 
Fig 4.S1 right). The absence of a strong effect of root access to the sediment on plant P 
contents suggests that plants are capable of mobilizing P from the sediment even without 
direct contact. This has also been demonstrated for the floating macrophyte Stratiotes aloides 
L., for which the lowering of O2 levels due to high coverage can promote P release from the 
sediment by weakening the bonds of Fe-P complexes due to increased microbial Fe reduction 
rates (Harpenslager et al., 2016). The fact that water column nutrient concentrations tented 
to be higher in the treatments where the plants are rooted in the sediment (Table 2) 
suggests, however, that plants preferably tap into the rich sediment nutrient pools directly. 
Pore-water concentrations of N and P were 220 and 30 times higher than in the surface 
water. Other plant species, such as Egeria densa Planch., Hydrilla verticillata (L.f.) Royle, 
and Myriophyllum spicatum L. have been reported to only take up P from the sediment 
(Barko and Smart, 1980). Increased uptake of N, rather than P, from the sediment by rooting 
plants may also be indicative of relative N-limitation, as also indicated by the low plant N:P 
ratios. Nitrogen in Eichhornia crassipes plants tissue depends on the nutrient availability 
with reported ranges between 0,9 and 5% per gram of dry weight (Reddy and Tucker, 1983; 
Fox et al., 2008). The nitrogen content of our plants is at the lower end of this range (1.03 ± 
0.1 % g-1 DW in the roots and 1.34 ± 0.6 % g-1 DW in the shoots). The lower N concentrations 
in the pore water in treatments of rooted plants (table 3) suggest that N is taken up directly 
from the sediment pore-water. This N tends to be incorporate in the petioles biomass 
(Fig 4.S1 right).
Although more efficient nutrient uptake when rooted in the sediment could lead to higher 
growth rates, we did not find higher CO2 sequestration in our rooted treatments. We only 
found a clear difference between both levels of coverage, with on average 1.6 times lower 
CO2 sequestration rates at high coverages, which we attribute to the growth constraints due 
to space limitation. On average, our plant treatments sequestrated 3.4 ± 2.2 g CO2 m
-² day-¹. 
This is notably higher than sequestration rates of other rooted aquatic plants, such as Typha 
domingensis Presl. and Eichhornia azurea (Sw.) Kunth, showing sequestration rates around 
0.09 g CO2 m
–2 day–1 (Gripp et al., 2013). Our results match with the range found previously 
for water hyacinth in field conditions, between 3.4 and 5.4 g CO2 m
-2 day-1 (Peixoto et al., 
2016; Attermeyer et al., 2016). In contrast, aquaria without water hyacinth showed a net 
emission of CO2 (also during the day) of 0.3 g CO2 m
-2 day-1 (Fig. 4.4). This shows that plants 
offset the CO2 emissions from non-vegetated systems. Clearly, net emissions from both 
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vegetated and non-vegetated systems strongly depend on sediment CO2 production rates 
related to the input of decaying plant material.
4.4.2 Effects of water hyacinth on overall GHG balance
Under the experimental conditions of our study in the absence of water hyacinth, CH4 
emissions were modest and net CO2 emissions took place, leading to an overall GHG emission 
(Fig. 4.5). At low coverage, however, water hyacinth was a net GHG sink, regardless of the 
position of the roots. At high coverage, where growth was space-limited, CO2 sequestration 
only partially counterbalanced CH4 emissions, thereby turning our experimental system into 
a small GHG source. Whether water hyacinth acts as a GHG sink or source therefore depends 
on the balance of its effects on CH4 emissions and CO2 uptake rates. We here show that this 
balance strongly depends on plant coverage and rooting, with partly opposite effects with 
respect to CO2 and CH4. The plants tend to enhance CH4 emissions especially at high coverage 
and when rooting in the sediment, whereas CO2 uptake rates are highest when growth is not 
space-limited (in our experiment for the low coverage) and nutrient availability per plant is 
higher. We argue that the high biomass production rates in the systems with water hyacinth 
would likely fuel ecosystem respiration on the longer term when the material starts to 
decay, which would then reduce the difference in CO2 emissions between the vegetated and 
non-vegetated systems. As O2 availability below the plants is relatively low, methanogenesis 
is also likely to further enhance CH4 emissions. Overall, this implies that the GHG emissions 
of highly productive vegetated systems will increase when decay takes place in situ. The 
plant-induced, enhanced CH4 emissions in our experiment suggest that the plant may be 
an effective CO2-to-biomass-to-CH4 converter, which is undesirable from a global warming 
point of view. The considerable variability among our quadruplicates also points out that 
subtle changes in plant growth and biogeochemistry can have a noticeable effect on N, P 
and C concentrations and fluxes.
Our results thus highlight that the effect of water hyacinth on GHG fluxes strongly depends 
on local conditions (Fig. 4.6). CO2 sequestration rates are enhanced and hence can trigger 
a regional effect offsetting the GHG emissions for open waters when organic matter burial 
efficiency is high. Using water hyacinth for nutrient-rich wastewater purification under a 
relatively low coverage by regular harvest will likely reduce the emission of CH4 – especially 
when roots are prevented from reaching the sediment – and increase the sequestration of 
CO2. Finally, our results indicate that access to the sediment, which is related to water depth, 
and plant coverage are crucial factors influencing both nutrient dynamics and GHG emissions. 
Differences in rooting and coverage may well explain the discrepancies reported in literature, 
and should be taken into account when making GHG balances in areas covered by water 
hyacinth stands or when predicting the effects of water hyacinth invasion on GHG emissions. 
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Figure 4.6 Schematic representation of density and rooting effects of water hyacinth on carbon fluxes, as shown in 
this study. Plant coverage reduces O2 influx from the atmosphere into the water layer, favoring CH4 production from 
decaying organic matter. CH4 can be oxidized in the water column, but can also be transported to the atmosphere 
through plants, particularly when they are rooting and growing at high densities. Plants may also trap bubbles, 
reducing ebullition and hence increasing the concentration of CH4 in the water column and its diffusion to the 
atmosphere. High initial growth rates, in our experiment occurring at low densities, where space was not limited, 
lead to higher CO2 uptake rates, which may well offset CH4 emission in terms of net greenhouse gas balance. Broad 
arrows refer to higher fluxes. 
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Benthivorous fish reduce methane emission, 
but increase total greenhouse gas emission
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fish reduce methane emission, but increase total greenhouse gas emission - under review of Freshwater Biology
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ABSTRACT
Globally, aquatic systems face increasing challenges with respect to increased greenhouse 
gas (GHG) emission, eutrophication, and strongly altered fish community composition. 
Although it is known that benthivorous fish can influence sediment biogeochemistry, studies 
showing causal relationships are largely lacking. Here, we used a mesocosm approach with 
Common carp (Cyprinus carpio) to unravel the effects of bioturbation on GHG and nutrient 
dynamics. We hypothesized that fish bioturbation decreases methane (CH4) emission and 
increases carbon dioxide (CO2) emission by increased sediment oxygenation. Additionally, 
lower phosphorus (P) mobilization was expected due to increased binding to ferric iron 
(Fe3+). We found that benthivorous fish increased water turbidity, and reduced CH4 diffusion 
to the atmosphere by 33%, and ebullition by 67%, as related to sediment oxygenation. 
Simultaneously, however, CO2 emission increased due to higher aerobic decomposition, 
leading to higher overall GHG emission. In contrast to our hypothesis, bioturbation did not 
affect P mobilization from the sediment, probably because P binding was already high in the 
control treatment as a result of high pore-water Fe:P ratios. We conclude that bioturbation 
by fish has strong effects on GHG emission as a result of higher overall decomposition rates 
offsetting reduced CH4 emission. Depending on pore-water Fe:P ratios, benthivorous fish 
may additionally reduce P mobilization. 
Keywords: Cyprinus carpio, phosphorus, methane diffusion, methane ebullition, carbon 
dioxide.
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5.1 INTRODUCTION
Eutrophication is a global threat to surface waters including lakes (Smith & Schindler, 2009). 
The vast majority of lakes in the world are small (Verpoorter et al., 2014) and shallow, and 
anthropogenic activities have strongly influenced fish community composition and density 
in a large share of them (Gebrekiros, 2016). As a result of eutrophication, fish densities 
not only tend to increase, but simultaneously show a shift from piscivorous (fish eating) 
dominated communities towards planktivorous (plankton eating) and benthivorous 
(sediment dwelling) dominated (Jeppesen et al., 2000). In addition, the area of freshwaters 
used for aquaculture, estimated to cover already more than 8 million ha globally (Verdegem 
& Bosma, 2009), continues to expand as the global demand for protein increases (FAO, 
2016).
Fish are well known to affect water quality in shallow surface waters, which is specifically true 
for benthivorous fish that resuspend sediment (bioturbation) and thereby affect food web 
interactions and nutrient concentrations in the water column (Rahman, 2015b). Bioturbation 
by fish has been found to increase internal eutrophication trough the enhancement 
of sediment phosphorus (P) release, which in turn is caused by an increase in (oxic) 
decomposition and concomitant P mineralization (Chumchal & Drenner, 2004;  Adámek & 
Maršálek, 2012). In sediments with a high sediment iron (Fe):P ratio, however, bioturbation 
may lead to low or no sediment P mobilization. Higher oxygen (O2) concentrations in the top 
layer of the sediment (Holdren & Armstrong, 1980) can enhance the binding of P to oxidized 
(ferric) Fe (Fe3+), reducing internal mobilization to the water layer, provided that sufficient Fe 
is available for P binding (Einsele, 1936;  Geurts et al., 2008;  Jensen et al., 1992). 
In addition to affecting nutrient biogeochemistry, higher O2 concentrations in the upper 
layer of the sediment due to foraging activity of benthivorous fish may also impact sediment 
methane (CH4) and carbon dioxide (CO2) production and release. Studies have shown 
increases in CO2 and CH4 emissions attributable to fish bioturbation (Yang et al., 2015;  Frei 
& Becker, 2005;  Datta et al., 2009) as a result of an increase of organic matter mineralization 
and a decrease of dissolved O2 in the water column. On the other hand, enhanced O2 
availability in the sediment may also decrease methanogenesis and enhance CH4 oxidation 
in the sediment (King, 1990), lowering CH4 emission rates.
Besides its impact on CH4 diffusive fluxes, bioturbation may also impact ebullitive CH4 fluxes 
from the sediment. The physical disturbance of the sediment may prevent the build-up of 
gas bubbles in the sediment and reduce the ebullitive flux of CH4 to the atmosphere (Leal 
et al., 2007). Considering the fact that ebullition often is the most important pathway of 
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CH4 release to the atmosphere (Bastviken et al., 2011) and strongly contributes to total 
greenhouse gas (GHG) emissions (DelSontro et al., 2016), potential effects of bioturbating 
fish are important to take into account. The various potential effects of fish bioturbation on 
sediment decomposition and on GHG production and emission pathways make it difficult to 
predict the overall effect of bioturbation on GHG emissions. 
Mechanistic knowledge of the role of benthivorous fish is important to understand the 
dynamics of small and shallow aquatic ecosystem with respect to nutrient and GHG dynamics 
and is, additionally, of increasing interest with respect to the development of sustainable 
aquaculture (Science for Environment Policy, 2015). The aim of this study was therefore 
to analyze the effect of fish bioturbation on nutrient dynamics and GHG (CO2 and CH4) 
fluxes across the sediment-water and water-atmosphere interface in a freshwater system. 
For this, we used a controlled, experimental approach with mesocosms including natural 
sediment and common carp (Cyprinus carpio). We hypothesized that fish bioturbation: 
(1) reduces sediment P release as a result of increased Fe oxidation in the sediment 
top layer; (2) reduces CH4 diffusion and ebullition to the atmosphere due to enhanced 
sediment oxygenation and consequent reduction of methanogenesis and increase in CH4 
oxidation, as well as due to physical impediment of bubble formation; (3) bioturbation 
promotes the overall decomposition of organic material in the sediment and water column, 
consequently increasing CO2 emissions to the atmosphere. Overall, we expect that the 
presence of benthivorous fish will strongly increase GHG emissions (in CO2 equivalents) to 
the atmosphere.
5.2 MATERIAL AND METHODS
5.2.1 Experimental set-up
In the experimental garden of the greenhouse facilities of Radboud University, 16 mesocosms 
(115 * 75 [diameter * depth in cm]) were placed into the ground to buffer temperature 
fluctuations. Light and temperature fluctuations were natural, and the water level was kept 
constant by an overflow outlet. Organic rich underwater sediment (minerotrophic peat 
sludge) was collected from National Park Weerribben-Wieden (coordinates 52°41’17.3N 
6°02’40.4E), the Netherlands. After the sediment had been carefully homogenized, each 
mesocosm received 150 L of sediment (15 cm, see Table 5.1 for sediment characteristics), 
after which it was filled with 700 L (~55 cm) Nijmegen tap water. Every mesocosm was 
spiked with 2.5 L of water obtained from a natural minerotrophic pond near the university 
to introduce a zooplankton community. Treatments (fish, fishless) were randomly assigned 
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to the mesocosms and replicated eight times. Three Common carp (Cyprinus carpio, 
Linnaeus, 1758) individuals were introduced after the resuspended sediment had settled. 
The mesocosms were covered with a mesh (4 cm mesh size) to avoid predation by birds and 
fish jumping out. The experiment lasted for 93 days (from 20 March until 21 June of 2017).
Table 5. 1. Sediment characteristics (average ± SD) at the start and end of the experiment. N = 8.
Time Variable Fish Fishless
Start OM (%) 50.41 ± 0.29 50.14 ± 0.21
Fe (µmol g-1) 1353.01 ± 21.58 1419.24 ± 23.80
P (µmol g-1) 62.11 ± 0.59 64.04 ± 0.55
S (µmol g-1) 572.24 ± 5.34 595.49 ± 6.98
Fe:P (mol mol-1) 21.78 ± 0.27 22.16 ± 0.33
Fe:S (mol mol-1) 2.36 ± 0.03 2.39 ± 0.04
End OM (%) 50.38 ± 0.38 50.38 ± 0.26
Fe (µmol g-1) 1355.89 ± 21.58 1381.45 ± 23.08
P (µmol g-1) 61.77 ± 0.68 61.81 ± 1.13
S (µmol g-1) 580.92 ± 7.57 603.72 ± 8.11
Fe:P (mol mol-1) 21.95 ± 0.17 22.36 ± 0.14
Fe:S (mol mol-1) 2.33 ± 0.01 1.29 ± 0.02
5.2.2 Water and sediment analyses 
Measurements of dissolved oxygen, temperature, and pH were done in situ every 15 
days at 30 cm below the water surface in the middle of the mesocosm using a portable 
multi meter (HQ40d multi, HACH, Loveland, Colorado, U.S.A.). During the same day of 
these measurements, sediment pore-water samples were taken in duplicate from a 
depth of approximately 5 cm using two ceramic moisture samplers (Eikelkamp Agrisearch 
Equipment, Giesbeek, The Netherlands), which had been placed in the mesocosms before 
the start of the experiment. The two subsamples of each mesocosm were pooled into one 
sample. On the same day, a representative sample of the water column (40 cm) was taken 
using a custom-made Van Dorn sampler. The water sample was gently mixed in a bucket, 
after which a subsample was taken for nutrient analyses and turbidity measurements. For 
nutrient analyses the water was filtered using Whatman® filters (Glass microfiber filters, 
GF/C 1.2 µm, diameter 47 mm). Ten mL of the filtered water was acidified using 0.5 mL of 
65% HNO3 and stored at 4 °C for further analysis of sulfur (S) and P concentrations measured 
by inductively coupled plasma-optical emission spectrometry (ICP-OES iCAP 6000; Thermo 
Fisher Scientific, Waltham, MA, USA). Another 30 mL of filtered water sample was kept at 
-20 °C until further analysis of NH4
+, NO3
- and PO43−, measured colorimetrically with an auto 
analyser (Auto Analyser III, Bran and Luebbe GmbH, Norderstedt, Germany). Turbidity was 
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measured using a lab turbidity meter (Turb® 550, WTW, Germany). Sediment samples were 
collected at the start and the end of the experiment. Five grams of sediment was dried 
for 48 h at 60 °C, after which a subsample was heated for 4 h at 550 °C and re-weighed to 
determine organic matter content. Dried soil was ground to ensure sample homogeneity, 
after which total P, S and Fe levels in the sediment were determined by digesting 200 mg soil 
in 4 mL HNO3 (65%) and 1 mL H2O2 (35%) in Teflon vessels, heated in an EthosD microwave 
(Milestone, Sorisole Lombardy, Italy). Digestates were analyzed using ICP-iCAP analyser (ICP-
OES iCAP 6000; Thermo Fisher Scientific,Waltham, MA, USA).
5.2.3 Greenhouse gas analyses
Every 15 days (i.e. 8 times), diffusion measurements were carried out in duplicate using a 
closed and floating transparent chamber (29.2 cm diameter, 17 cm total height, 5 cm inside 
of the water) connected to a NIRS-CRD greenhouse gas analyser (Picarro G2508 Greenhouse 
Gas Analyzer, Picarro Inc., Santa Clara, CA, USA). Measurements were conducted until we 
observed a 5 minutes’ linear change in gas concentration. In case of an abrupt increase 
in gas concentration – indicating ebullition – the chamber was removed from the water, 
vented and replaced on the water surface (for details see Chapter 4). The change in gas 
concentration in the chamber over time was used to calculate the diffusive flux of CH4 
and CO2 as in Almeida et al. (2016). Directly after fluxes had been measured once in all 
mesocosms, duplicate measurements were conducted.
To determine ebullitive fluxes, two bubble traps were placed in each mesocosm. The traps 
consisted of a plastic funnel placed upside-down in the water connected to a 300 mL glass 
cylinder (diameter 4.5 cm) equipped with a 1 cm thick rubber septum at the top. The 
cylinder partially emerged from the water and was completely filled with water. The amount 
of gas in the cylinder was checked 2 – 3  times a week and when the volume was at least 
approximately 5 ml, the gas trapped inside the cylinder was removed through the septum, 
using a 20 mL syringe and needle to directly determine the volume. The under-pressure 
created in the cylinder by removing the gas led to automatic refilling of the cylinder with 
water. We repeated this six times during the experiment.
The CH4 concentration of the gas bubbles produced in each mesocosm was assessed at 
the end of the experiment. We then disturbed the sediment and captured the emerging 
bubbles using the same bubble traps as described above. A 1 mL syringe was used to 
sample the gas through the septum. The CH4 concentration was measured in duplicate 
on a gas chromatograph (HP 5890 equipped with a Porapak Q column, 80/100 mesh, a 
flame ionization detector (GC-FID, Hewlett Packard, USA, and oven temperature 120 °C). 
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The percentage of CH4 in bubbles in the fish treatments was 16.79% ± 5.71; in the fishless 
treatments the concentration was 24.17% ± 5.12. The CH4 ebullitive flux was calculated by 
multiplying the CH4 concentration by the bubble volumes and dividing it by the capture time. 
Total CO2 and CH4 emissions during the experiment were assessed by integrating total 
CH4 (diffusive and ebullitive) and CO2 diffusive fluxes over time. Average emissions were 
calculated by dividing the total cumulative emission by the duration of the experiment (i.e. 
93 days). CO2 equivalents were calculated by multiplying CH4 emissions by 34, based on the 
CH4 global warming potential on a 100 year time horizon (Myhre et al., 2013).
5.2.4 Fish keeping and welfare
Each mesocosm started with 279 ± 19 grams of fish (3 individuals). Density of carp was 
chosen based on the social behavior, as a single fish may be motionless most of the time 
(Rahman et al., 2008a). On average each fish weighed 93 ± 15 grams at the beginning of the 
experiment, and 90 ± 20 grams at the end. Fish were not fed during the experiment to avoid 
interference with nutrient and GHG dynamics. Still, as their weight only slightly reduced 
during the experiment, we conclude that the fish fed on biomass present in the mesocosms. 
At the end of the experiment, fish were removed from the mesocosm and visually examined 
for skin diseases. Afterwards, they were immediately placed in a water tank for a behavioral 
check. According to Article 1 of the EU Directive 2010/63/EU, an ethical review of the 
experiment by the National Committees for the Protection of Animals Used for Scientific 
Purposes was not required, as fish were neither distressed nor harmed. Fish did not present 
health problems, such as fungal infection, necrosis, aggression, apathy, abnormal swimming 
or scratching during the experiment.
5.2.5 Statistical analyses
A mixed model ANOVA using repeated measures was conducted to test the effect of fish 
presence on nutrient composition of surface water and pore-water, on CH4 concentrations, 
and on physical variables (turbidity, O2 and water T). After Shapiro-Wilk and Bartlett 
tests, non-normal data (such as elemental concentrations and greenhouse gas fluxes and 
concentrations) were log transformed. We used time as repeated factor in the mixed 
model ANOVA to account for temporal effects. To check whether the variables consistently 
changed in time, a linear regression was conducted. Total CO2 and CH4 emissions during the 
experiment were assessed by integrating CH4 and CO2 fluxes over time. We distinguished: 
CH4 ebullition, CH4 diffusion, total CH4 emission (i.e. ebullition + diffusion), CO2 diffusion 
and total GHG emission in CO2-equivalents. A t-test was used to compare the treatments. 
Chapter 5
94
We considered differences to be significant if P < 0.05. All averages are followed by their 
standard deviations. Statistical analyses were carried out using SPSS software (IBM SPSS 
Statistics, version 25, 2017). 
5.3 RESULTS
5.3.1 Fish effects on sediment characteristics
Sediment organic matter content (OM %), and total Fe, P and S levels (Table 5.1) did not differ 
between treatments, nor between the start and the end of the experiment. As expected, a 
high OM % was found, without differences between treatments. For the fish treatment total 
P content was negatively related to OM % (R² = 0.32, P < 0.05). Fe content presented a strong 
positive relationship with P content in both treatments (R² = 0.45 for fish, and R² = 0.37 for 
fishless, P <0.05 for both treatments), and also to S content (R² = 0.51 for fish, and R² = 0.21 
for fishless, P < 0.05 for both treatments). 
5.3.2 Fish effects on temperature, oxygen and turbidity
From March to June the daily average air temperature raised from 10 °C to 32 °C; 
correspondingly the water temperature increased from 9.7 to 26.6 °C. The water temperature 
was slightly (0.2 °C) lower in the fish treatment (Table 5.2). O2 concentration in the water 
column (at 30 cm deep; Fig. 5.1A) decreased over time, with 24% lower concentrations in 
the fish treatment. In the fish treatment O2 decreased from 13.81 to 3.12 mg l
-1 (average 
± SD: 7.90 ± 2.99 mg l-1), in the fishless from 14.92 to 4.37 mg l-1 (10.31 ± 3.35 mg l-1 on 
average). Turbidity was 2-3 times higher in the fish treatment. Over time turbidity increased 
from 2.9 to 69 NTU for fish and from 0.9 to 33 NTU for fishless (Fig. 5.1B). Turbidity was 
strongly related to the rising temperature, especially for the fish treatment (R² = 0.46, 
P < 0.05; Fig. 5.2). pH was lower in the fish treatment and increased over time from 7.54 to 
8.27 for fish, and from 7.32 to 9.22 for fishless.
5.3.3.  Fish effect on P concentrations 
In contrast to our hypothesis that P would be reduced due to Fe oxygenation in the sediment 
top layer, Dissolved Total Phosphorus (DTP) concentrations in the surface water increased 
over time for both treatments (from 0.16 to 1.16 µmol l-1 for fish, and from 0.11 to 1.32 µmol l-1 
for fishless; Fig. 5.3A) and did not differ between treatments (Table 5.2). Phosphate (PO4
3-) 
concentrations in the surface remained low (< 0.2 µmol l-1), without differences between 
treatments (Fig. 5.3B). DTP concentrations in pore-water increased over time (from 23.7 to 
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Table 5. 2. Mixed model ANOVA for the environmental variables and nutrient concentration comparing treatments 
(fish vs fishless); linear regression between the variables and time; and the average ± SD of the variables during the 
entire experimental period.
Treatment Time    
Variables P F df R² P N R² P N average ± sd
Fish Fishless Fish Fishless
Environmental variables
Oxygen (mg l-1) 0.001 88.92 1 0.56 0.001 64 0.80 0.001 64     7.9 ± 2.99 10.31 ± 3.35
Temperature (°C) 0.01 7.52 1 0.71 0.001 64 0.72 0.001 64 17.01 ± 4.61 17.33 ± 4.62
Turbidity (NTU) 0.001 769.17 1 0.64 0.001 64 0.05 0.07 64 21.81 ± 1.98 3.9 ± 0.53
Ph 0.01 8.19 1 0.56 0.001 64 0.40 0.001 64 7.89 ± 0.03 8.07 ± 0.08
Surface water nutrients (µmol l-1)
DTP 0.54 0.383 1 0.11 0.05 64 0.25 0.05 64 0.59 ± 0.041 0.58 ± 0.38
PO43- 0.08 3.53 1 0.25 0.05 32 0.02 0.36 32 0.08 ± 0.04 0.10 ± 0.06 
NH4
+ 0.02 5.43 1 0.36 0.001 32 0.03 0.32 32 5.33 ± 3.81 8.01 ± 5.24
NO3- 0.99 0.00 1 0.76 0.001 32 0.88 0.01 32 38.91 ± 49.66 38.78 ± 47.19
Fe 0.001 19.32 1 0.06 0.04 64 0.03 0.15 64 3.19 ± 0.35 1.75 ± 0.17
S 0.001 377.42 1 0.89 0.001 64 0.12 0.004 64 535.26 ± 14.78 404.56 ± 5.69
Pore-water nutrients (µmol l-1)
DTP 0.22 1.64 1 0.18 0.05 64 0.57 0.05 64 62.01 ± 2.69 69.44 ± 2.81
PO43- 0.08 3.38 1 0.07 0.14 32 0.71 0.001 32 4.53 ± 2.21 5.54 ± 2.24
NH4
+ 0.33 0.95 1 0.06 0.17 32 0.25 0.03 32 422.6 ± 98.0 398.1 ± 102.6
NO3- 0.88 0.02 1 0.12 0.22 32 0.21 0.07 32 0.48 ± 1.45 0.53 ± 1.02
Fe 0.29 1.21 1 0.29 0.001 64 0.13 0.003 64 184.57 ± 5.15 171.58 ± 3.91
S 0.86 0.29 1 0.06 0.04 64 0.03 0.11 64 99.44 ± 12.11 77.16 ± 5.53
104.7 µmol l-1 for fish, and from 28.4 to 107.8 µmol l-1  for fishless), but did not differ between 
treatments (62.01 ± 2.69 µmol l-1 vs. 69.44 ± 2.81 µmol l-1). 
Surface water dissolved Fe concentrations were low in both treatments, but were higher for 
fish (3.19 ± 0.35 µmol l-1) than for fishless (1.75 ± 0.17 µmol l-1). Values increased over time 
for fish (from 0.4 to 13.4 µmol l-1), but remained low for fishless (from 2.91 to 2.13 µmol 
l-1). No difference was found between treatments for Fe in pore-water, but Fe increased 
over time in both treatments (81.6 to 249.8 µmol l-1 for fish, and 101.1 to 233.1 µmol l-1 for 
fishless; Table 5.2). 
Total dissolved sulfur (S) concentrations in surface water were noticeably higher in the 
fish treatments than in the fishless treatments. S concentrations roughly doubled for fish 
whereas they remained low for fishless (Fig. 5.4). No difference between treatments was 
found for S concentrations in the pore-water, which were much lower (20 – 40 µmol l-1; 
Table 5.2).
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Figure 5.1. Surface water O2 concentration at -30 cm (A), and turbidity (B) in treatments with and without fish. 
N 64 for each treatment. Bars denote SDs.
Figure 5.2. Relationship between turbidity and temperature during the experimental period for both treatments 
(N = 64).
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Figure 5. 3. Surface water DTP (A), and PO43- concentration (B), on each sample date in treatments with and 
without fish. N = 64 for each treatment for DTP, N = 32 for PO43-. Bars denote SDs.
Figure 5. 4. Dissolved S concentration in surface water for treatments with and without fish. N = 64 for each 
treatment. Bars denote SDs. 
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5.3.4 Fish effect on greenhouse gas fluxes
CH4 concentrations in surface water were slightly lower in the fish treatment (0.40 ± 0.31 
µmol l-1; P < 0.01) compared to the fishless treatment (0.42 ± 0.40 µmol l-1) and showed 
an increase over time only for fishless (R² = 0.66, F = 107.26, P < 0.01). Pore-water CH4 
concentrations were 10% lower in the fish treatment than in the fishless treatment (219.27 
± 18.08 µmol l-1, and 247.12 ± 19.72 µmol l-1 respectively), and did not change over time. 
The CH4 diffusive emission rates to the atmosphere were 33% lower in the fish treatment 
(Table 5.3). CH4 diffusion rates increased over time (Fig. 5.5A), from 0.15 to 1.87 mg CH4 
m-² day-1 for fish, and from 0.23 to 2.73 mg CH4 m
-2 day-1 for fishless treatment (R² = 0.18, 
F = 14.07 for fish, and R² = 0.42, F = 46.36, P < 0.05 for both). Furthermore, CH4 diffusion 
rates positively correlated with temperature (R² = 0.42, F = 45.86, P < 0.01) and turbidity 
(R² = 0.22, f = 17.42, p < 0.01) and negatively with O2 concentrations (R² = 0.42, F = 37.27, 
P < 0.01). CH4 ebullition was much lower (67%) in the fish treatment than in the fishless 
treatment, without time effects (Fig. 5.5B). CH4 ebullition contributed 77 ± 5.3% to the total 
CH4 fluxes in the fish treatment and 87 ± 3.9% in the fishless treatment. The total (diffusion 
+ ebullition) CH4 flux was 62 ± 8.7% lower in the fish treatment (Table 5.3). 
CO2 emissions to the atmosphere were always much higher in the fish treatment compared 
to the fishless treatment. While fish mesocosms always emitted CO2, fishless mesocosms in 
contrast took up CO2 (Fig. 5.5C). CO2 diffusion rates positively correlated with temperature 
(R² = 0.44, F = 49.19, P < 0.01) and turbidity (R² = 0.26, F = 22.46, P < 0.01) and negatively 
with O2 concentrations (R² = 0.77, F = 215.71, P < 0.01). Due to the high CO2 emissions in the 
fish treatment, the total GHG emission in mesocosms with fish was more than twice as high 
than from mesocosms without fish (Table 5.3).
Table 5. 3. Paired t test for greenhouse gas fluxes comparing treatments (fish vs fishless), and average values ± SD. 
N = 8 for each treatment. 
Greenhouse gas P t df average ± sd
             Fish Fishless
CH4 diffusive emission (mg CH4 m
-2 day-1) 0.01 - 3.00 7 0.54 ± 0.03 0.80 ± 0.05
CH4 ebullitive emission (mg CH4 m
-2 day-1) 0.01 - 9.52 7 1.87 ± 0.16 5.59 ± 0.40
Total CH4 emission (mg CH4 m
-2 day-1) 0.05 - 4.07 7 2.42 ± 0.16 6.39 ± 0.37
CO2 diffusive emission/uptake (mg CO2 m-2 day-1) 0.01 9.40 7 286.78 ±22.93 - 55.77 ± 7.92
Total emission (mg CO2 m
-2 day-1) 0.05 - 2.65 7 369.24 ± 23.74 161.80 ± 16.88
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Figure 5.5. CH4 diffusive flux (A), CH4 ebullitive flux (B), and CO2 diffusive flux (C) from the water to the atmosphere. 
N = 8; bars denote SDs. Negative values refer to fluxes from the atmosphere into the water.
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5.4 DISCUSSION
We here show that benthivorous fish can strongly reduce the total CH4 emission to the 
atmosphere (Fig. 5.6). In our mesocosm experiment fish reduced the total CH4 emission by 
more than 50% (Table 5.3). However, total GHG emission was more than doubled, because 
fish strongly increased CO2 emission. Both findings were in accordance with our hypotheses. 
In contrast to our hypothesis, however, we did not find any fish effects on the mobilization 
of dissolved P from the sediment, even though turbidity strongly increased.
5.4.1 Fish effects on CH4 emission
Other studies found high CH4 emission rates for fish ponds (Frei et al., 2007;  Datta et al., 
2009), and frequently fish is reported to increase CH4 emission to the atmosphere due to 
surface water O2 decrease (Xiong et al., 2017). This low surface water O2 concentration is, 
in turn, either caused by fish respiration, reduced phytoplanktonic photosynthesis due to 
high turbidity, or enhanced aerobic organic matter oxidation due to bioturbation. Here, in 
contrast, we found that fish strongly reduced CH4 emission. Even small-scale bioturbation 
has been shown to be able to increase sediment O2 concentrations (Sturdivant, Diaz & Cutter, 
2012;  Baranov, Lewandowski & Krause, 2016). Increased oxygenation of the sediment and 
resuspension of sediment into the aerobic water layer promoted by fish activity may well 
decrease methanogenesis and increase CH4 oxidation, reducing CH4 emission rates as we 
found here. The strong increase in S concentration in the surface water indeed indicates 
enhanced O2 intrusion into the sediment, leading to the oxidation of reduced S (FeSx) and 
mobilization of sulfate to the water layer (Hedrich, Schlomann & Johnson, 2011). In the fish 
treatment, the relatively high surface water O2 concentration was reduced by 24%, indicating 
increased O2 consumption and concomitant CO2 production by aerobic decomposition and/
or CH4 oxidation. This lowering of the O2 concentration in our experiment did not lead to 
anaerobic conditions (> 3 mg l-1), and was therefore insufficient to stimulate methanogenesis. 
We therefore propose that increased oxygenation of the sediment, by the activity of 
benthivorous fish, decreases CH4 emission in aerobic waters. In surface waters with low O2 
concentrations due to high biological O2 consumption (e.g. hypertrophic waters, particularly 
at night) or because the water layer is completely covered by floating macrophytes, increased 
sediment resuspension by benthivorous fish may well lead to anaerobic conditions in the 
surface water, stimulating CH4 production and emission. We feel that differences in surface 
water O2 concentrations between waters may well explain the discrepancies regarding the 
impact of fish on CH4 diffusive fluxes reported in literature. The high variation in CH4 diffusive 
fluxes we found was strongly positively correlated to temperature which corroborates with 
findings in other systems (e.g. Liu et al., 2017;  DelSontro et al., 2016;  Ortiz-Llorente & 
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Alvarez-Cobelas, 2012). Over the entire experimental period the CH4 diffusive emission was 
33% lower in the fish treatment.
Ebullition was the major emission pathway for CH4, accounting for 77% of the total flux for 
fish, and 87% for fishless mesocosms. Ebullitive fluxes are known to be strongly influenced 
by warming, often even more so than diffusive fluxes (Aben et al., 2017). Ebullition was 
not related to temperature in our mesocosms, which is possibly due to a sudden drop in 
air pressure in April (from 10,208 in April to 10,129 hPa in May) triggering bubble release 
under relatively cool conditions (10.8 ± 0.11 °C). Still, we did observe the highest ebullitive 
fluxes at the end of our experiment (end of May onwards), when the water temperature 
constantly exceeded 20 °C. The highest ebullitive flux we found was 18 mg CH4 m
-2 day-
1 in the fishless treatment and 3 mg CH4 m
-2 day-1 in the fish treatment. Over the entire 
experimental period the ebullitive CH4 emission was 67% lower in the fish treatment than 
in the fishless treatment. Although others have suggested that bioturbation may prevent 
bubbles from building up in the sediment (Leal et al., 2007), or release the bubbles 
entrapped in the sediment (Frei & Becker, 2005), to our knowledge this effect has not been 
quantified before. The high contribution of ebullition to the total CH4 flux as well as the high 
variability in the ebullitive flux, which – as we show here – is partly due to bioturbation, 
points out that this flux needs to be incorporated in studies focusing on GHG emissions 
from lakes and aquaculture systems, because otherwise total CH4 emissions will severely be 
underestimated. 
5.4.2 Fish effects on overall GHG emission
Microbial activity including overall decomposition and methanogenesis is strongly 
controlled by temperature (Reddy & DeLaune 2008). In addition, fish are also more active 
during warm periods and increase their foraging activity (Song-bo, Chen & Fan, 2012), which 
results in increased sediment resuspension and water turbidity (Fig. 5.2). Consequently, 
decomposition of the higher amounts of resuspended organic material may also lead to 
higher CO2 emission (Ritvo, Kochba & Avnimelech, 2004). In spring, water and sediment 
temperatures were still low, which led to low sediment respiration rates in the fishless 
treatment, and primary production - higher than respiration - resulted in CO2 uptake. During 
the same period, the fish treatment was more turbid, potentially resulting in light limitation 
for phototrophic primary production, and increasing water column respiration (Baranov, 
Lewandowski & Krause, 2016). As a result, the total GHG budget (in CO2-equivalents) was 
2.2 times higher in the fish treatment. This means that the negative effect of fish on CH4 
emission is overruled by the much larger CO2 emission, and benthivorous fish are therefore 
expected to strongly increase GHG emissions from shallow lakes, in which sediment 
processes are very significant.
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Other studies found fish-induced increases in water column CO2 concentration (Xiong et 
al., 2017;  Rahman et al., 2007). In hypertrophic fish cultures, however, the CO2 emissions 
tend to be much higher than the ones we found in our study (Chen et al., 2015). These 
systems also show a high diel variation in CO2 fluxes due to strong light-induced fluctuations 
in algal production. In our study, however, only limited algal growth was observed (data 
not shown), which can be explained by the low PO4
3- and DTP concentrations in the water 
column (Litchman, Steiner & Bossard, 2003). Moreover, the high N:P ratios in the surface 
water of our mesocosms (75:1 for fish, and 80:1 for fishless treatment), compared to the 
Redfield ratio (16: 1) indicate that our system was severely P limited.
5.4.2 Fish effects on P mobilization
We expected that fish would decrease internal eutrophication and thereby lower the P 
concentrations in the water column. While turbid waters often have higher P concentrations 
in the water (Rahman, 2015a) this P is not always bioavailable. TDP concentrations in the 
surface water strongly depend on sediment characteristics and their interaction with 
surface water characteristics, such as O2 concentration (Søndergaard, Jensen & Jeppesen, 
2003). Sediment oxygenation due bioturbation may favor PO4
3- retention in the sediment 
as a result of increased availability of ferric Fe compounds binding P at the sediment-water 
interface (Aller, 1994). High Fe to PO4
3- ratios in the sediment pore-water lead to low P 
release rates (Geurts et al., 2010), as long as O2 concentrations in the water layer are higher 
than 2 mg l-1 (Holdren & Armstrong, 1980). In addition, high sediment Fe:P ratios (> 15 mol 
mol-1), as a proxy for pore-water concentrations, are found to limit P release to the water 
column (Jensen et al., 1992). Total Fe:P ratios lower than 10 mol mol-1 will result in high 
PO43- mobilization rates (Geurts et al., 2010). The high sediment total Fe:P ratio of 21.8 ± 0.9 
mol mol-1 in both fish and fishless treatment and high Fe:P ratio in the pore-water, combined 
with sufficiently high O2 levels (on average 7 - 10 mg l
-1 and always > 3 - 4 mg l-1) in the low-
productive water layer, may well explain the low P concentrations in the surface water found 
in our study for both treatments, and the lack of a fish effect. 
We here demonstrate that bioturbation by benthivorous fish can reduce CH4 release to the 
atmosphere. The strongest reduction was observed for the ebullitive CH4 flux. This flux was 
responsible for 77% of the total CH4 fluxes in the fish treatment, and for 87% in the fishless, 
showing the importance to include this pathway in future studies. However, the high rates 
of CO2 emission to the atmosphere in systems with benthivorous fish, due to bioturbation-
enhanced decomposition rates under oxic conditions, may well change a system into a great 
source of CO2. Our findings show that in systems with high pore-water and sediment Fe:P 
ratios and sufficiently high O2 concentrations in the water layer, P release from the sediment 
Benthivorous fish reduce methane emission, but increase total greenhouse gas emission 
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to the water column is not influenced by bioturbation. Overall, our results demonstrate that 
benthivorous fish strongly affect GHG emissions in freshwater ecosystems.
Figure 5.6. Schematic representation of the changes in physical and biogeochemical processes as a result of fish 
bioturbation found in our study. The left panel represents aquatic systems without benthivorous fish, the right panel 
includes benthivorous fish. Thin arrows indicate lower fluxes. Sediment oxygenation provided by fish bioturbation 
reduces CH4 fluxes to the atmosphere by diffusion and ebullition, and increases S mobilization as SO4
2- to the water 
layer. In contrast, the organic matter in the oxygenated sediment and resuspended organic matter is mineralized 
at faster rates under oxic conditions, resulting in a strong increase of CO2 emissions and overall GHG emissions. 
In our experiment, sufficiently high sediment Fe oxidation in the sediment prevents P release, even without fish 
bioturbation. In hypertrophic waters with low pore-water Fe: P ratios, bioturbation may lower P mobilization. (See 
text for further explanation). 
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6.1 GREENHOUSE GAS FLUXES IN TROPICAL FRESHWATERS 
Tropical systems are well known for their high primary production both in the terrestrial 
(Potter, Klooster & Genovese, 2012) and aquatic realm (Abril et al., 2014). A large share 
of the terrestrial organic matter eventually ends up in the aquatic systems as well (Cole et 
al., 2007). Consequently, tropical freshwaters typically receive high loads of organic matter, 
from both allochthones and autochthonous sources (Junk, Bayley & Sparks, 1989). Globally, 
inland waters transport, store and process large amounts of organic matter (Cole et al., 
2007). Although this is not different for tropical waters, the relative importance of the 
different pathways in the carbon (C) cycle likely differs substantially from inland waters in 
other regions of the world (Tranvik et al., 2009). Decomposition rates strongly depend on 
temperature (Cardoso et al., 2014) and C emissions from tropical waters are consequently 
relatively large (Kosten et al., 2010;  Bastviken et al., 2010). As a result, the share of the C 
loaded to the aquatic systems that is buried in the sediment or transported to the ocean 
is relatively small (Tranvik et al., 2009). A C budget made for an Amazon floodplain lake 
revealed, for instance, that from the total C input only 25% is transported downstream, 4% 
is stored in the sediment, and 71% is emitted to the atmosphere (Tranvik et al., 2009). Still, 
due to the enormous loading rates in tropical systems, their C contribution to the oceans is 
very substantial. The Amazon basin alone already contributes for 8% to the global loading 
of oceans (Richey et al., 1990); (Tranvik et al., 2009). Not only transportation to the oceans, 
but also emissions of C to the atmosphere are significant at a global scale. The emission 
from the Amazon basin represents 33% of the total C emitted to the atmosphere (Richey 
et al., 2002b). The relative importance of C emission and burial fluxes strongly depends 
on temperature, organic matter loading, and oxygen (O₂) concentrations in the water 
(Mendonça et al., 2012;  Marotta et al., 2014). 
C emission rates tend to strongly increase with warming because of enhanced microbial 
respiration rates (Cardoso et al., 2014;  Gudasz et al., 2010). Indeed, most tropical waters 
are net emission of carbon dioxide (CO2) to the atmosphere (Kosten et al., 2010;  Cole et 
al., 1994). The strong temperature dependency of emission rates was also clearly observed 
in our temperate mesocosm experiment (Chapter 5), where we found a 20 fold increase in 
CO2 emissions and a 5 fold increase in methane (CH4) emissions when spring temperatures 
rose from 12 to 26 ˚C. The disproportional increase of CH4 emissions cannot be explained 
by direct temperature effects alone, but is also related to the generally lower oxygen (O2) 
concentrations occurring in warmer waters favouring methanogenesis. Analysis of CH4 and 
CO2 emission data from the warm waters in the Amazon and Pantanal clearly identified O2 
as the main explanatory variable (Chapter 2). 
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In contrast to the emissions, C burial in freshwaters tends to be negative related to 
temperature because of a decrease in burial efficiency, i.e. the fraction of C sedimented 
that is not remineralized but effectively buried (Mendonça et al., 2016). On the other hand, 
burial (and burial efficiency) is strongly enhanced with higher organic matter loading (Sobek 
et al., 2009). As tropical waters often receive high organic matter loads, C burial in these 
systems is still substantial (Mendonca et al., 2017). Burial tends to be highest in deeper 
waters (Mendonca et al., 2014). C burial in littoral areas is low, especially when the sediment 
is exposed to the atmosphere during low water levels as this triggers intense decomposition 
as a result of the much higher supply of O2, being the most favorable terminal electron 
acceptor (Kosten et al in press). Littoral areas are often vegetated in tropical freshwaters, 
resulting in strong CO2 uptake during the wet season (Abril et al., 2014; Chapter 2). This 
makes littoral areas hotspots of C processing. Still, most C cycling and greenhouse gas (GHG) 
studies have focused on open waters of lakes. Only few lake studies have incorporated 
vegetated plots in their overall GHG emission estimates, impeding their inclusion in global C 
emission estimates (see e.g. the lack of emissions from vegetated areas in inland waters in 
the global overview of Bastviken et al. (2011b)). Recent work including this thesis, however, 
clearly show that macrophytes are strong regulators of GHG emissions from freshwaters. 
Even less is known about the role of fish in GHG emissions. Here, I present a synthesis of 
recent insights into the effects of floating aquatic plants and benthivorous fish on GHG 
fluxes in freshwaters.
6.2 EFFECT OF DIFFERENT ECOSYSTEM MODIFIERS ON GREENHOUSE 
GAS FLUXES
6.2.1 Water hyacinth as a biogeochemical engineer
The invasive species water hyacinth has spread to aquatic systems around the world. Within 
the last 100 years it has appeared in most tropical and subtropical countries (Téllez et al., 
2008). Many studies have focused on the effect of this species on water quality, and also 
on its bio-energy and bio-utilization potential in relation to its very efficient nutrient uptake 
and biomass production (e.g. Rezania et al. (2015)). Recently, systems covered with water 
hyacinth have also gained some attention as strong CO2 sinks and CH4 sources (Peixoto et 
al., 2016;  Banik, Sen & Sen, 1993b). There is, however, controversy regarding the net effect 
of water hyacinth vegetation, even with respect to the direction of the total (CO2 and CH4) 
GHGs flux. 
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6.2.1.1 Water hyacinth’s effect on CH4 emissions
Water hyacinth rapidly reproduces horizontally by clonal propagation, forming huge beds 
that can cover the entire water body (Fig. 6.1). These large and dense beds considerably 
lower the O2 concentrations in the water column below in comparison to open water when 
open water concentrations are high (Chapter 2 and 4). The vegetation does not only hamper 
gas exchange between water and atmosphere (Kosten et al., 2016b) and prevent primary 
production in the water column by shading, but its large root system, characteristic for this 
species, also provides a niche for a large number and variety of prokaryotes (bacteria and 
archaea) including methanotrophs, methanogens and heterotrophs. This rich community 
may well change and increase the aquatic microbial respiration in the water subsurface, 
further contributing to the reduction of the O2 concentration (Chapter 3). 
Besides reducing the O2 concentration in the water column, water hyacinth roots also lose 
O2 (radial O2 loss, ROL). ROL in the extensive water hyacinth root system in tropical systems 
is likely very important as this process tends to increase with temperature and root area, 
and water hyacinth roots are very aerenchymous (Gutierrez et al., 2014;  Colmer, 2003). 
The roots therefore provide an excellent habitat for methane oxidizers in an otherwise 
anaerobic environment (Yoshida et al., 2014c ; Chapter 3). CH4 oxidation rates in the water 
hyacinth rhizosphere are indeed substantial and significantly higher than the rates observed 
Figure 6. 1 Water hyacinth covering an entire shallow water body in the Pantanal during low water episode. 
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in water without roots (Fig. 6.2). The large and rich community of methanotrophs (Chapter 
3) and their high methane oxidation rates most likely explain why water hyacinth was found 
to reduce surface water CH4 concentration in a freshwater (Attermeyer et al., 2016). 
Besides facilitating CH4 consumption, water hyacinth also triggers CH4 production. The strong 
enrichment of the sediment with water hyacinth organic matter (Chapter 2) stimulates 
CH4 production (Banik, Sen & Sen, 1993b).  Water hyacinth can even further enhance CH4 
emissions, especially in shallow waters where plant roots have access to the sediment (< 
45 cm deep; Chapter 2) exposing them to high pore-water CH4 concentrations (Chapter 2 
and 4). A comparison between CH4 emissions from water hyacinth covered waters, where 
the roots could reach the sediment and where they could not, show a significantly higher 
emission from the rooted plants both in the field and in an experimental setting (Fig. 6.3). 
This suggests that although the radial O2 loss of the roots in the sediment (Colmer, 2003; 
Brix, Sorrel & Orr, 1992) likely enhance CH4 oxidation and reduce methanogenesis, plant-
mediate transport overrules these effects resulting in an overall higher CH4 emissions from 
plants rooted in the sediment. 
Figure 6. 2.  Methane oxidation rate (µmol d-1) in the open water, in the water below the water hyacinth bed, and 
on the roots of water hyacinth. Methane oxidation rates were determined by incubation 50 ml of water with or 
without 1 g of water hyacinth roots for 72 hours and monitor the decrease in CH4 concentration. The methane 
oxidation rates in the bottles with roots were significantly higher than treatments with only water from the water 
hyacinth bed and open water (Data from van Bergen & Oliveira Junior not published).  
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Global estimates of plant mediated CH4 emissions are so far lacking due to a paucity of 
data, but studies in individual systems show that their contribution to overall aquatic CH4 
emissions may range from 31% up to values above 90% (Dorodnikov et al., 2011b;  Whiting 
& Chanton, 1992). Besides pointing out that to reliably estimate aquatic CH4 emissions 
vegetated areas cannot be omitted, our results also show that when individual studies are 
extrapolated to estimate global emissions based on macrophyte coverage, it is essential to 
take into account whether or not the plants root in the sediment. 
Another generally overlooked CH4 emission pathway is the ebullitive flux, even though this 
flux is reported to contribute for great part of the total CH4 emission from the water (up 
to 95%) (Bastviken et al., 2010). Tropical freshwaters present higher ebullitive flux rates 
because of the high temperature, which strongly stimulates the release rate (Aben et al., 
2017; Marotta et al., 2014). Besides temperature, water depth also has a strong influence 
on the ebullitive flux. Shallow systems generally show a higher ebullitive flux due to the 
lower hydrostatic pressure reducing gas bubble formation (West, Creamer & Jones, 2016). 
In the warm waters of the Pantanal and Amazon, we found a negative correlation between 
ebullition and depth (Chapter 2). We also found that although gas bubble release from the 
sediment below the plant bed was roughly twice as high compared to the open water (see 
comparison between open water and plots where water hyacinth was removed; Chapter 2), 
the amount of bubbles reaching the atmosphere was similar in the open water and in the 
water hyacinth bed (comparison between open water and water hyacinth bed; Chapter 2).
Figure 6.3. CH4 diffusive emissions from rooted and not rooted water hyacinth plants in the field and in an 
experimental setting. Lines within boxes denote median fluxes. Boxes represent the 25th and 75th percentiles. 
Whiskers represent variability outside the upper and lower quartiles. Dots denote each individual measurement. 
A t-test indicated that the mean CH4 emission from the rooted plants was higher than from the not rooted plants. 
Data from the field campaign (Chapter 2) and indoor experiment (Chapter 4).
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These findings suggest that the higher organic matter content in the sediment below 
the water hyacinth bed fuels ebullition, but that part of the bubbles do not reach the 
atmosphere, but instead get trapped in the rhizosphere and become oxidized there. The 
latter has also been demonstrated experimentally (Kosten et al., 2016b). It is likely that 
bubbles get more readily trapped when the root density is higher. As water hyacinth’s root 
biomass tends to increase with depth, its function as a bubble trap also likely increases. 
This, in turn, is a likely explanation for the virtual absence of ebullition observed in the 
deeper waters covered by water hyacinth (Fig. 6.4). Deep systems generally show lower 
CH4 emissions (Barros et al., 2011), likely because of an increased fraction of CH4 that gets 
oxidized in the water column. Thus, the presence of water hyacinth further optimizes the 
oxidation, reducing CH4 emissions.
6.2.1.2 Water hyacinth’s effects on CO2 emissions
The high CO2 uptake rates of water hyacinth are positively related to its growth rate and 
huge floating bed formation. In our study, the CO2 uptake rates offset the emissions during 
the night resulting in a sink of CO2 on a 24h time scale (-7.6 g CO2 m
-2 day-1) (Chapter 2 
and 4). This rate is higher than reported for other aquatic species (e.g. -1 g CO2 m
-2 day-1 
by Eichhornia azurea, and -5.5 g CO2 m
-2 day-1 by Typha domingensis; Gripp et al. (2013)). 
However, water hyacinth vegetation not always water represents a CO2 sink. Also here 
water depth is the main variable explaining the magnitude of the CO2 fluxes (Chapter 2). 
In deeper systems, where the plants can extent vertically and form a higher biomass, CO2 
uptake is strongest (Chapter 4). In shallow waters (< 1 m) the plant bed may show net CO2 
emissions, as primary production of the plants does not compensate for the respiration and 
the decomposition of the (autochthonous and allochthonous) organic matter deposited in 
the sediment. 
Figure 6.4. Linear regression model of the CH4 ebullitive flux and depth based on measurements inside water 
hyacinth bed (green line) and inside a plot within the bed from which the plants were removed (yellow line). The 
distance between the two lines indicates the reduction in the ebullitive flux due bubble trapping in the rhizosphere. 
Data from the field campaign (Chapter 2).
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6.2.1.3 Water hyacinth’s effect on combined CH4 and CO2 fluxes
Overall, the effect of water hyacinth on the GHG fluxes strongly depends on the depth of the 
water column because of two processes: in shallow waters the plant roots in the sediment 
resulting in higher CH4 emissions; and the plant reaches a lower biomass resulting in less 
CO2 uptake than in deeper waters. Combined, it can be concluded that water hyacinth beds 
in shallow waters (< 1 m) act as a GHG source, while water hyacinth beds in deeper waters 
tend to act as a GHG sink.
As freshwaters are essential components of regional carbon budgets, our findings highlight 
the importance of incorporating plant density, and rooting when assessing regional 
greenhouse gas fluxes. Water depth should therefore be included in defining a reliable proxy 
for net sequestration or emission rates from water hyacinth infested freshwaters. 
6.2.2 Common carp as a biogeochemical engineer
Globally, the area of aquaculture systems increased substantially in the last decades, because 
of the relative easy and cheap way of maintenance, and the exponential increase in protein 
demand. However, this type of food production can also cause negative environmental 
effects. Various studies have shown strong eutrophication effects due to high fodder input in 
aquaculture and fish bioturbation in aquaculture and natural systems (Zambrano, Scheffer & 
Martınez-Ramos, 2001;  Rahman et al., 2007). Common carp (Cyprinus carpio) is well known 
to increase nutrient release to the water column due to its feeding behaviour (benthivorous 
fish) provoking sediment resuspension (Rahman, 2015a). This effect is often blamed for 
damaging water systems by increasing eutrophication (FAO, 2016). Where eutrophication 
results in higher CH4 emissions to the atmosphere (Sepulveda-Jauregui et al., 2018), it 
shows a dual effect with respect to CO2 fluxes (uptake or emission) depending on factors 
such as chlorophyll a concentration, phosphorus (P) availability and O2 levels (Balmer & 
Downing, 2011). 
High benthivorous fish density may decrease phytoplankton productivity (Rahman et 
al., 2006), because of the reduction on light availability (Cline, East & Threlkeld, 1994). 
Moreover, bioturbation in iron (Fe) rich sediments may avoid P release because of additional 
Fe oxidation as a result of O2 intrusion, resulting in lower algal densities (Chapter 5). The 
decrease in the aquatic productivity may lead to a contrary results regarding GHG fluxes, 
particularly in waters where low organic carbon input in the system results in low CH4 
production (Rodriguez, Gonsiorczyk & Casper, 2018). Therefore, contrasting effects are 
observed for the effect of carp.
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6.2.2.1 Common carp’s effect on CH4 emissions
Common carp is a species that most of the time swims, rests and grazes close to the freshwater 
sediment (Rahman et al., 2008b). As a benthivorous species, common carp directly reduces 
macroinvertebrates abundance, and indirectly increases microbial community bio-volume 
(Rahman et al., 2006). A study on planktivorous fish, for instance, showed that by predating 
on zooplankton, fish released the grazing pressure on planktonic CH4 oxidizers, thereby 
enhancing CH4 oxidation and decreasing CH4 emissions (Devlin et al., 2015). Another study 
has shown that up to 96% of the CH4 produced in the sediment was oxidized in the top 
layer of the sediment by microbial activity (King, 1990). Moreover, bioturbation increases O2 
availability in the deeper sediment layers (Bertics & Ziebis, 2009), consequently reducing the 
methanogenic activity and increasing the methanotrophic activity (Bodelier et al., 2006). In 
this thesis, mesocosms including fish showed lower CH4 diffusive emissions compared to 
control treatments (Chapter 5), likely because of the predation of macroinvertebrates that 
graze planktonic CH4 oxidizers, but also due to addional sediment oxygenation. This result 
contrasts with the findings that bioturbation is a physical effect stimulating CH4 release 
from the sediment to the water column (Xu et al., 2014). It also differs from reports that 
fish increases CH4 concentrations in the water, or its release to the atmosphere, because 
of low O2 concentration in the water promoted by high bioturbation and reduction of 
photosynthesis (Frei & Becker, 2005;  Datta et al., 2009). 
Nonetheless, the continuous bioturbation reduced not only the diffusive flux in the 
experiment presented in this thesis, but also the bubble release. This effect must be due 
to the physical interference in the sediment boosting sediment oxygenation (Chapter 5). 
Although the negative effect of fish bioturbation on ebullition has been hypothesized before 
(Figueiredo-Barros et al., 2009;  Leal et al., 2007), it had not been demonstrated yet. We 
show that fish effects with respect to the reduction of ebullition are enormous, resulting 
in roughly 70% lower rates. This effect release may be lower under higher temperatures as 
they stimulate microbial respiration, reducing the O2 concentration in the water. In addition, 
at temperatures above 28 ˚C common carp reduces its metabolism and activity (Song-bo, 
Wei-xing & Zhao-ting, 2012). Due to reduced bioturbation an increase in the ebullitive flux 
may therefore be expected. However, fish will still be active until the maximum condition for 
life, thus, waters without fish can always be expected to have more bubble release (Fig. 6.5).
6.2.2.2 Common carp’s effect on CO2 fluxes
The effects of common carp on CO2 fluxes are in contrast with the CH4 reduction found. 
Additional sediment resuspension due to bioturbation will allocate organic material to the 
oxic zone of water bodies, where it may rapidly be decomposed forming CO2 (Almeida et al., 
2016). Turbid waters have high concentrations of easily degradable particulate and dissolved 
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organic matter, which is easily used by the aerobic microorganisms consequently releasing 
CO2 to the atmosphere by diffusive flux. It has been shown that higher concentrations of 
resuspended sediment, promoted by benthivorous fauna, facilitate the decomposition 
of the organic matter in the upper water layer (Adámek & Maršálek, 2012). Therefore, it 
is expected that benthivorous fish also increase CO2 concentrations in the water column 
(Xiong et al., 2017;  Rahman et al., 2007), and thereby CO2 release to the atmosphere. In 
this study, common carp presence doubled the CO2 release to the atmosphere, which was 
attributed to the higher aerobic decomposition of resuspended sediment. However, the 
effect in this oligotrophic system was not as strong as in hypertrophic fish cultures, where 
CO2 emissions highly increased because the microbial respiration in the water layer offset 
primary production (Chen et al., 2015). In this study, additional oxidation of the sediment 
further prevented P release, reducing the possibility of algal blooms like in hypertrophic 
systems where CO2 fluxes would be more pronounced. 
6.2.2.3 Common carp’s effect on combined CH4 and CO2 fluxes
Total GHG fluxes (in CO2-equivalents) were more than 2 times higher compared to the 
treatments where the species was absent. This result indicates that, even though the fish 
reduce CH4 emissions, the strong release of CO2 overrules this reduction, consequently 
leading to strongly increased GHG emissions from shallow lakes with high numbers of 
benthivorous fish, in which sediment processes are very significant. Considering the fact 
Figure 6. 5. Hypothetical effect of common carp on the ebullitive flux and temperature regression model based on 
the data generated in the mesocosm approach in this study (Chapter 5). Orange line denotes ebullition in systems 
with high densities of benthivorous fish, and blue line indicates the temperature dependency in the absence of 
these fish. Shade between the two lines denotes the difference in the ebullitive flux.
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that that common carp is widely present and very abundant in many freshwater systems 
worldwide, its bioturbation effect in the sediment and consequent effect on the C cycle in 
shallow freshwater shows that the species can be expected to significantly contribute to 
GHG budgets.
6.3 PHYSICAL AND BIOLOGICAL EFFECTS OF ECOSYSTEM MODIFIERS 
ON GREENHOUSE GAS FLUXES – A GENERAL CONCLUSION
Plants and animals directly influence GHG dynamics due to their respiration and organic 
matter production (in the case of primary producers). Moreover, the study of the effects 
of water hyacinth and common carp, two strong ecosystem modifiers, revealed several 
physical and biological mechanisms through which they influence GHG fluxes.
Although they influence different processes, both floating plants and benthic fish can strongly 
influence O2 concentrations in the water column and sediment. Thereby they strongly 
affect anaerobic versus aerobic decomposition rates which, in turn, strongly impact CO2 
and CH4 emissions. In addition, they influence gas exchange velocity. While the movement 
of fish may enhance turbulence and thereby enhance the exchange of dissolved gasses 
between the water and the atmosphere, floating plants decrease the water-atmosphere 
gas exchange. On the other hand, plant-mediated transport can also channel dissolved 
CH4 from the pore-water and the water column directly to the atmosphere. By passing 
through the plant, CH4 is less prone to aerobic (and anaerobic) oxidation before reaching 
the atmosphere. Conversely, floating plants can also enhance CH4 oxidation by providing 
a suitable and extensive habitat for CH4 oxidizers in the rhizosphere. Lastly, ecosystem 
modifiers can also reduce CH4 ebullition. Bioturbation by fish may impede the build-up of 
high CH4 concentrations through mixing of pore-water and water overlaying the sediment 
and thereby impede the formation of bubbles. Rooted plants also release O2 in the sediment 
reducing bubble formation. Moreover, floating vegetation acts as a barrier avoiding bubble 
reaching the atmosphere.
6.4 HYPOTHETICAL EFFECTS OF ECOSYSTEM MODIFIERS UNDER 
ENVIRONMENTAL STRESS
The relative importance of the different impacts plants and animals can have on GHG 
fluxes strongly depends on the environmental conditions such as the water depth. The 
non-ebullitive flux (i.e. the diffusive water-atmosphere and plant-mediated flux) in systems 
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dominated by water hyacinth tends to be highest in shallow waters where the plants root in 
the sediment, and decreases with depth. We found that benthivorous fish tend to decrease 
CH4 diffusion in our shallow experimental systems. As this is likely due to a combination of 
decreased methanogenesis in the sediment and increased methane oxidation, I hypothesize 
that, even though O2 concentrations in deeper waters tend to be lower and therefore the 
oxygenation of the sediment due to bioturbation will be lower as well, benthivorous fish will 
still reduce diffusion from deep waters as well. 
Ebullition tends to decrease with depth as the hydrostatic pressure enhances the saturation 
concentration and thereby reduces the build-up of bubbles (West, Creamer & Jones, 
2016). In systems with water hyacinth the emissions of CH4 bubbles in deep waters is even 
further reduced as in these waters the vegetation reaches high biomass density and forms 
an effective trap for bubbles. Benthivorous fish reduce bubble formation. The effects will 
be most apparent in shallow waters, as this is where most ebullition occurs even without 
intense bioturbation.
CO2 emissions are higher in shallow systems, likely because of the mineralization under 
more aerobic conditions. Water hyacinth beds take up large amounts of CO
2,
 especially in 
deeper waters where biomass density tends to be highest. Benthic fish bioturbation, on the 
other hand, tends to increase CO2 emissions by exposing resuspended organic matter to oxic 
conditions in the water column, thereby facilitating aerobic decomposition. I hypothesize 
that the amount of material resuspended is similar along the depth gradient, if wind and 
wave effects are not taken into account. This implies that the fish effect on the diffusive CO2 
flux is independent of depth. Combining the different fluxes, and taking into account that 
CH4 has a 34 times higher global warming potential, this leads to the general conclusion 
that water hyacinth beds are net emitters of GHGs in shallow waters, while their net effect 
is opposite in deeper (> 1 m) systems (Fig. 6.6 left). Freshwaters with high densities of 
benthivorous fish, on the other hand, may emit more GHG than water with low numbers 
(Fig. 6.6 right). Nevertheless, we also acknowledge that the opposite may occur when 
bioturbation enhances internal eutrophication and CO2 uptake is enhanced by increased 
phytoplankton growth. In conclusion, both floating plants and benthivorous fish were 
shown to be strong biogeochemical engineers with respect to C cycling (Table 6.1).
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Figure 6.6. Hypothetical greenhouse gas fluxes (in CO2 equivalents) from systems with water hyacinth (green line 
– left figure) and common carp (brown line – right figure) along a depth gradient as compared to systems without 
these ecosystem modifiers (blue line). The lines are based on the data from CH4 diffusive flux, CH4 ebullitive flux, 
and CO2 diffusive flux in this thesis. 
Table 6.1. Main results in relation to the research questions presented in the introduction.
Chapters Questions Results
2 What is the effect of water hyacinth on GHG 
fluxes in freshwater systems?
Water hyacinth’s effect on GHG emissions from 
tropical waters is strongly modulated by depth, 
with highest CH4 emissions - attributed to plant-
mediated transport - and lowest CO2 uptake - 
attributed to lower plant biomass caused by limited 
space to extend vertically - occurring in shallow 
waters. In shallow waters (< 1 m), water hyacinth 
beds are a GHG source, in deeper waters they are 
a GHG sink.
3 What is the composition of water hyacinth’s 
rhizobiome, and how is this related to 
environmental conditions?
The composition of the microbial community 
attached to water hyacinth roots is mostly related 
to C, N, P and Fe biogeochemistry. Methanogens 
represent a reliable proxy for the variation in 
microbial community structure.
4 Can the variability in the effect of water 
hyacinth on GHG fluxes be explained by 
different plant densities and the position of 
the roots (water column versus sediment)?
Rooted plants highly contribute to CH4 emissions, 
and limited space to extend vertically - occurring in 
shallow waters – reduce the plant capacity of CO2 
uptake.
5 Does bioturbation provoked by common 
carp affect GHG fluxes and nutrient 
dynamics?
Common carp substantially reduces CH4 release 
through diffusion and ebullition, and increases CO2 
emission, although the effect will depend on the 
system’s trophic state. This points at decreased 
anaerobic decomposition and enhanced aerobic 
decomposition as a result of bioturbation. Sediment 
phosphorus release was not altered, likely due to 
the high Fe content of the sediment.
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Table 3.S4. Mean relative frequency and Phylum/Genus taxonomic assignment of the 27 top frequent archaeal 
lineages.
Mean relative frequency Phylum Genus
2.04E-03 Euryarchaeota Methanobacterium
1.09E-03 Woesearchaeota Woesearchaeota (DHVEG-6) 
5.95E-04 Thaumarchaeota Marine Group I 
5.52E-04 Bathyarchaeota Bathyarchaeota 
1.79E-04 Euryarchaeota uncultured
1.62E-04 Thaumarchaeota Candidatus Nitrosotalea
1.41E-04 Euryarchaeota Methanosaeta
7.63E-05 Thaumarchaeota Soil Crenarchaeotic Group(SCG) 
7.02E-05 Euryarchaeota Methanoregula
5.55E-05 Euryarchaeota Methanomassiliicoccus
5.55E-05 Euryarchaeota Methanospirillum
4.39E-05 Euryarchaeota Terrestrial Miscellaneous Gp(TMEG) 
3.38E-05 Euryarchaeota Methanocella
3.15E-05 Thaumarchaeota Group C3 
2.93E-05 Euryarchaeota unclassified
2.80E-05 Euryarchaeota Rice Cluster I
2.69E-05 Euryarchaeota Methanosarcina
1.87E-05 Thaumarchaeota unclassified
1.57E-05 Lokiarchaeota Lokiarchaeota 
1.40E-05 Euryarchaeota unclassified
1.27E-05 Euryarchaeota Marine Benthic Group D and DHVEG-1 
1.26E-05 Euryarchaeota Candidatus Methanogranum
9.33E-06 Euryarchaeota Methanolinea
8.07E-06 Altiarchaeales Altiarchaeales 
7.78E-06 Euryarchaeota Rice Cluster II 
7.36E-06 Euryarchaeota unclassified
6.04E-06 Euryarchaeota Miscellaneous Euryarchaeotic Group(MEG) 
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Table 3.S6. List of predicted genes varying in relative abundance at different wetlands (A) and according to the 
core and transient communities (B). Differences were detected using Kruskal-Wallis test followed by Benjamini-
Hochberg correction. Mean relative abundance and SD are shown for each gene, and the column “Increased at” 
indicates which wetland/fraction of the community had increased abundance.
Table A
Gene
CYCLE Raw KW 
 p-value
BH  
(q-value)
Increased  
at
Mean ± SD Pantanal Mean ± SD Amazon
buk C 0.002 0.026 Pantanal 5.39E-05 ± 3.26E-05 2.20E-05 ± 1.36E-05
pel C 0.006 0.047 Amazon 8.15E-05 ± 1.31E-05 1.04E-04 ± 2.18E-05
nirB N 0.002 0.026 Amazon 3.21E-04 ± 5.57E-05 3.80E-04 ± 2.61E-05
nifH N 0.006 0.047 Pantanal 1.88E-04 ± 2.34E-05 1.56E-04 ± 2.98E-05
ccoN Fe 0.002 0.026 Amazon 3.15E-04 ± 2.63E-05 3.54E-04 ± 2.97E-05
Table B
Gene CYCLE
Raw KW  
p-value
BH  
(q-value)
Increased  
at Mean ± SD core Mean ± SD transient
ackA C 3.45E-02 4.91E-02 core 5.57E-04 ± 2.87E-05 5.38E-04 ± 3.39E-05
acs C 2.76E-02 4.26E-02 transient 8.43E-04 ± 2.48E-05 8.60E-04 ± 2.99E-05
buk C 1.14E-03 2.64E-03 transient 2.30E-05 ± 1.24E-05 4.73E-05 ± 3.57E-05
coxA C 1.56E-03 3.39E-03 transient 7.58E-04 ± 5.09E-05 7.99E-04 ± 4.59E-05
edg C 8.93E-05 2.57E-04 core 6.11E-04 ± 9.88E-05 5.13E-04 ± 7.23E-05
mdh1 C 2.55E-09 1.89E-08 transient 4.87E-06 ± 3.20E-06 2.13E-05 ± 1.24E-05
mmo C 1.39E-10 2.58E-09 transient 6.60E-05 ± 2.92E-05 2.40E-04 ± 1.27E-04
oforA C 1.05E-05 3.90E-05 core 4.87E-04 ± 1.05E-04 3.52E-04 ± 1.37E-04
pel C 2.03E-02 3.41E-02 core 1.01E-04 ± 2.66E-05 8.67E-05 ± 2.04E-05
pyk C 7.76E-11 2.58E-09 core 6.29E-04 ± 1.41E-05 5.66E-04 ± 2.67E-05
rbcL C 2.10E-08 1.30E-07 transient 1.12E-04 ± 1.65E-05 1.85E-04 ± 4.14E-05
ccoN Fe 1.29E-04 3.40E-04 transient 2.90E-04 ± 4.06E-05 3.35E-04 ± 3.20E-05
dtxR Fe 2.66E-02 4.26E-02 core 3.42E-04 ± 5.33E-05 3.14E-04 ± 6.14E-05
fhuF Fe 2.98E-06 1.23E-05 core 2.73E-06 ± 1.38E-06 1.55E-06 ± 1.76E-06
fur Fe 1.23E-09 1.52E-08 core 8.92E-04 ± 4.53E-05 7.74E-04 ± 5.66E-05
qoxA Fe 9.02E-05 2.57E-04 transient 9.94E-07 ± 8.93E-07 3.08E-06 ± 2.53E-06
amoC N 1.11E-03 2.64E-03 transient 1.45E-06 ± 1.38E-06 1.23E-05 ± 1.83E-05
narL N 1.05E-02 1.95E-02 transient 8.15E-05 ± 2.34E-05 9.50E-05 ± 1.43E-05
narP N 1.81E-06 8.35E-06 transient 3.52E-07 ± 2.85E-07 2.04E-06 ± 1.77E-06
nifH N 2.33E-09 1.89E-08 transient 1.11E-04 ± 3.10E-05 1.89E-04 ± 3.31E-05
nirB N 3.33E-02 4.91E-02 transient 3.24E-04 ± 4.61E-05 3.44E-04 ± 5.73E-05
nirC N 4.79E-05 1.61E-04 core 2.93E-05 ± 1.56E-05 1.48E-05 ± 7.77E-06
norD N 3.59E-03 7.37E-03 transient 2.50E-05 ± 1.88E-05 3.51E-05 ± 1.47E-05
ppk P 4.49E-08 2.38E-07 transient 4.31E-04 ± 3.60E-05 4.90E-04 ± 2.76E-05
pilA pilus 3.94E-03 7.67E-03 transient 2.32E-04 ± 4.16E-05 2.70E-04 ± 6.03E-05
dsrB S 1.47E-02 2.59E-02 transient 2.92E-05 ± 1.26E-05 3.51E-05 ± 1.10E-05
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Table 3.S7. Single linear regressions results determined between different subset of variables: candidate community 
structure drivers (axes extracted from environmental data PCA, qPCR counts), functional pathways (gene relative 
counts), alpha-diversity (Simpson (1/D)/S and Shannon diversity) and key microbial taxa relative frequency. Scatter 
plots for each regression are shown in Figure S10, according to the number identified in the last column.
Response variable Explanatory variable p-value adjusted R2 Slope Figure S10
PCoA1 mcrA 7.49E-08 0.71 0.37 1
PCoA1 edg 1.43E-07 0.62 2659.04 2
PCoA1 pyk 2.03E-06 0.54 7447.53 3
PCoA1 acc 5.46E-05 0.36 0.00025 4
PCoA1 PC3 4.33E-05 0.45 -0.2 5
mcrA Acinetobacter 2.80E-06 0.61 -9.86 6
mcrA evenness 8.96E-05 0.47 8 7
mcrA diversity 0.00054 0.39 0.83 8
acc edg 3.69E-09 0.71 -0.249 9
edg oforA 2.80E-09 0.71 4.72E-01 10
edg Gammaproteobacteria 3.42E-08 0.66 -0.00108 11
edg Pedomicrobium 8.90E-05 0.41 -0.0141 12
edg Deltaproteobacteria 4.54E-07 0.59 0.0013 13
pilT Deltaproteobacteria 2.67E-11 0.79 0.0029 14
nirB Deltaproteobacteria 5.33E-13 0.84 -0.00115 15
PCoA2 nifH 0.00026 0.36 -3763.03 16
PCoA2 petC 1.28E-06 0.56 3423.41 17
PCoA2 PC1 0.00982 0.19 0.1 18
petC dtxR 3.11E-08 0.66 -0.57 19
petC Fur 0.00133 0.29 -0.45 20
nifH dsrB 0.00129 0.29 1.61 21
PCoA3 nirK 4.10E-06 0.52 -811.52 22
PCoA3 narH 4.66E-05 0.43 4280.15 23
PCoA3 PC1 0.0435 0.11 -0.07 24
nirK diversity 2.64E-08 0.66 1.42E-05 25
napA Rhodospirillaceae 1.26E-06 0.56 0.0047 26
norD
verrucomicrobial group 
OPB35 3.61E-08 0.66 0.00088 27
norD Planctomycetacea 4.18E-09 0.7 -0.000373 28
pel Planctomycetacea 6.48E-07 0.58 0.00033 29
pel Gemmata 0.00013 0.39 0.0012 30
ipdC Planctomycetacea 9.53E-13 0.84 0.0008 31
ipdC Gemmata 2.10E-09 0.72 0.0031 32
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Table 3.S8. Model formula and indexes, according to the results of the confirmatory factor analyses performed 
with the lavaan package.
Model formula C =~ EDG + mcrA + MCS1 
N =~ DNRA+ NOR + NAPA 
DO ~ N 
PC3 ~ C 
DO ~~ 0*PC3 
C~~ N
Number of observations 30
Minimum Function Test Statistic 40.5
Degrees of freedom/P-value (Chi-square) 19/0.061
Comparative Fit Index 0.94
Tucker-Lewis Index 0.91
AIC/BIC 541/576
Root Mean Square Error of Approximation/P-value 0.14/0.097
Standardized Root Mean Square Residual 0.064
Figure 3.S1. Three-dimensional biplot showing the PCA results of physico-chemical/limnological and plant morpho-
chemical attributes, and quantity of root-associated bacteria from Pantanal and Amazon samples during sampling 
rounds 1 and 2. The relative contribution of each axe’s eigenvalues is shown between parentheses. The numbers 
correspond to the sites sampled.
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Figure 3.S3. Mean relative frequency and standard deviation of the 85 top frequent bacterial lineages detected 
according to each biome/sampling time. Bacterial phyla are shown in italic.
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Figure 3.S7. Relative frequency of the top 10 predicted general pathways (A) and of a subset of 13 predicted 
pathways related to C and N metabolisms and plant-colonizing lifestyle (B). Predicted pathway relative contribution 
according to core and transient communities (C) and to wetland (D).
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Figure 3.S9. Three-dimensional biplot showing community dissimilarity according to results of PCoA community 
ordination (Morisita-Horn distances). The relative contribution of each axe’s eigenvalues is shown between 
parentheses. The numbers correspond to the site sampled in different wetlands (Amazon and Pantanal) and 
sampling times (ST1 and ST2).
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Figure 3.S11. Threedimensional biplots showing the relationship between community dissimilarity and the 
predicted genes associated with PCoA2 (A and B) and PCoA3 (C and D): (A) nitrogen fixation (nifH), (B) iron 
oxi-reductase (petC), (C) nitrite transporter (nirK) and (D) nitrate reduction (narH).
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Figure 3.S12. Single linear regressions estimated between mcrA vs. archaea (A) and pmoA (B).
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Figure 4.S1. P concentrations (±SD) in petioles and roots (left); N concentration in petioles and roots (right) of water 
hyacinth for low (50%) and high (100%) coverage with (R) or without rooting (nR) in the sediment at the end and 
start of the experiment (n = 4). Different letters indicate significant differences between treatments including the 
start of the experiment (P < 0.01). Note different scale on y-axis. 
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Figure 4.S2. CO2 fluxes (±SD) during the day and night periods for controls (C), low coverage (50%), and high 
coverage (100%) of water hyacinth with (R) or without rooting (nR) in the sediment. Negative numbers refer to 
uptake from the atmosphere.
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It is well known that tropical freshwaters play an important role in the global carbon cycle. 
The high primary production leads to carbon dioxide (CO2) uptake by the vegetation. Part of 
the produced organic matter ends up in the sediment after plant senescence. A considerable 
portion, however, is rapidly mineralized because of the high temperatures producing 
methane (CH4) and CO2. Whether mineralization leads to CH4 or CO2 production, strongly 
depends on the oxygen (O2) availability, which, in turn, dependents strongly on the effect 
of a range of different organisms (e.g. aquatic vegetation, microbes, and fish). However, 
the effect of these organisms on O2 availability is dual. On the one hand, they reduce the 
O2 concentrations because of their respiration, and on the other, organisms can enhance 
O2 concentrations by primary production and radial O2 loss through their roots (in case of 
plants), or via bioturbation in the sediment (in case of benthic fish and macroinvertebrates). 
To which extend different organism influence O2 availability and the intensity and direction 
of greenhouse gas (GHG) fluxes is still largely unknown. Therefore, the goal of this thesis 
was to unravel the effect of aquatic species on the biogeochemistry of their environment, 
particularly on the GHG fluxes. 
The present work is a result of an extensive field campaign in the tropical freshwaters 
of Amazon and Pantanal, and a series of laboratorial experiments conducted indoor and 
outdoor in order to assess the potential effect of biota on GHG fluxes. In the Amazon and 
the Pantanal, 22 water bodies were sampled in two different seasons during the day and 
night to study the effect of water hyacinth (Eichhornia crassipes) on GHG fluxes (Chapter 
2). In addition, roots of water hyacinth were sampled in order to evaluate the microbial 
community associated with the plant and link them to their potential role in the processing 
of different elements in the rhizosphere (Chapter 3). Using an indoor experiment with 
different plant densities, and plant roots with and without access to the sediment, I tested 
which conditions facilitate GHG emissions most (Chapter 4). Using an outdoor mesocosm 
approach, the effect of common carp (Cyprinus carpio) – a potent ecosystem modifier – on 
GHG fluxes was investigated (Chapter 5).
Analyses of the field data indicated that high CH4 emissions in the Amazon and the Pantanal 
mainly occurred in shallow places, especially when plants were present and rooted in the 
sediment. This suggested that the plant transported CH4 from the sediment directly to the 
atmosphere. This hypothesis was tested in our indoor experiment. The results from this 
experiment confirmed that higher CH4 emissions occurred when the water hyacinth rooted 
in the sediment. The plant-induced enhancement of CH4 emissions suggests that the plant 
can be an effective CO2-to-biomass-to-CH4 converter. Part of the CH4 is likely formed in the 
plant’s rhizosphere where we found an abundant methanogenic community.
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The rhizobiome also contains a diverse community of methanotrophs, likely fuelled by 
the radial O2 loss by water hyacinth’s roots and the high CH4 concentrations in the water. 
Yet another effect of the plant on CH4 emissions is the barrier they form for CH4 bubbles. 
The bubbles that are formed in the sediment and rise to the water surface get trapped by 
the roots. At this point, the CH4 can dissolve in the water where part of it will be oxidized. 
Thus, water hyacinth influences GHG fluxes through biological processes (e.g. primary 
production, stimulation of methanogenesis and methanotrophy), and physical processes 
(plant-mediated transport – mostly in shallow waters – and the entrapment of CH4 bubbles 
in the roots - in deeper waters). 
My results indicate that the overall GHG emissions from the plant bed tend to be lower than 
from the open water, mostly due to the strong CO2 uptake by the plants. The difference 
between open water and plant bed emissions, however, does not unambiguously describe 
the effect of the plants as the open water CH4 and CO2 emissions are likely fuelled by the 
organic matter derived from the plant bed. To which extend the open water emissions are 
driven by the decomposition of water hyacinth likely strongly varies between systems. In 
addition, in very shallow systems – which were underrepresented in our survey, but very 
common during dry periods – the plant mediated CH4 transport further boosts CH4 emissions.
Water hyacinth not only influences the carbon cycle, but strongly impacts the cycling of 
other nutrients as well. We found, for instance, a range of microbes related to nitrogen (N) 
processing on the plant roots. While in the Pantanal N-fixing bacteria were most abundant, 
microbes associated with DNRA (Dissimilatory Nitrate Rreduction to Ammonium) were most 
abundant in the Amazon. Although the role of water hyacinth’s microbial community may 
thus vary per system and per biome, our findings suggest the plant and its rhizobiome plays 
an important role with respect of the nitrogen availability in tropical freshwaters.
Our results about the effect of common carp on the GHG fluxes showed that the bioturbation 
provoked by the fish lowered CH4 emissions. Common carp exerts a biological and physical 
effect on the CH4 production. Benthivorous fish increased water turbidity, and reduced 
CH4 diffusion to the atmosphere and ebullition, as related to sediment oxygenation. At the 
same time, however, fish bioturbation more than doubled total greenhouse gas emissions 
to the atmosphere due to a strong increase in CO2 emissions. The CO2 emissions were 
likely enhanced through the fish-induced enhanced O2 concentrations in the sediment and 
the resuspension of organic matter stimulating aerobic decomposition and thereby CO2 
production.
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In conclusion, this thesis demonstrates that biota of the freshwater systems plays a pivotal 
role in determining inland water’s GHG budgets on a local and regional scale. Moreover, 
the analyses presented indicate that the direction and the strength of the effect of biota on 
GHG emissions strongly depends on the environmental characteristics of the water system 
considered. 
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Het is bekend dat tropische zoetwatersystemen een belangrijke rol spelen in de wereldwijde 
koolstofcyclus. De hoge primaire productie van de vegetatie leidt tot de vastlegging van 
substantiële hoeveelheden koolstofdioxide (CO2) in de vorm van organisch materiaal. Dit 
organisch materiaal komt uiteindelijk (deels) in het sediment terecht. Door de hoge water- en 
sedimenttemperatuur wordt een groot deel van het organisch materiaal snel gemineraliseerd 
tot methaan (CH4) en CO2. De balans tussen de productie van beide gassen hangt sterk af 
van de beschikbaarheid van zuurstof (O2), wat op zijn beurt weer sterk afhankelijk is van 
het effect van verschillende groepen organismen (bijvoorbeeld waterplanten, microben en 
vissen). Het effect van deze organismen op de beschikbaarheid van O2 is echter duaal. Aan 
de ene kant verminderen ze de O2-concentraties vanwege hun respiratie en aan de andere 
kant kunnen organismen de O2-concentraties in water en/of sediment verhogen via primaire 
productie, radiaal O2-verlies via wortels (in het geval van planten), of via bioturbatie in het 
sediment (in geval van bentische vissen en macroinvertebraten). In hoeverre verschillende 
groepen van organismen van invloed zijn op de beschikbaarheid van O2 en de intensiteit en 
de richting (opname/uitstoot) van broeikasgasfluxen is grotendeels onbekend. Doel van dit 
proefschrift is daarom te ontrafelen hoe verschillende typen organismen de biogeochemie 
van hun omgeving beïnvloeden, waarbij we ons met name richten op effecten op 
broeikasgasemissies.
Dit proefschrift is het resultaat van een uitgebreid veldonderzoek in de tropische wateren 
van de Amazone en Pantanal, en een reeks aquaria- en mesocosmexperimenten, waarbij het 
potentiele effect van biota op broeikasgasfluxen is onderzocht. In de Amazone en de Pantanal 
zijn 22 wateren bemonsterd in twee verschillende seizoenen gedurende dag en nacht om te 
onderzoeken wat het effect van waterhyacint (Eichhornia crassipes) op broeikasgasemissies 
is (Hoofdstuk 2). Daarnaast zijn de wortels van de waterhyacint bemonsterd om erachter te 
komen wat voor microben op de plantenwortels leven en hoe deze microben mogelijk van 
invloed kunnen zijn op biochemische processen in de wortelzone van de planten (Hoofdstuk 
3). Via een aquariumexperiment heb ik onderzocht hoe de dichtheid van planten en het 
wel of niet wortelen van planten in het sediment van invloed is op de broeikasgasemissies 
(Hoofdstuk 4). Via een mesocosm experiment is onderzocht hoe de Europese karper (Cyprinus 
carpio) – een soort met grote invloed op ecosystemen, bijvoorbeeld door omwoeling van de 
bodem – de broeikasgasemissies beïnvloedt (Hoofdstuk 5). 
Analyse van de velddata laat zien dat hoge CH4 emissies in de Amazone en de Pantanal 
hoofdzakelijk plaatsvonden in ondiepe wateren, met name wanneer de aanwezige planten 
wortelden in het sediment. Dit suggereert dat het CH4 in de bodem via de planten naar 
de atmosfeer wordt getransporteerd. Deze hypothese is vervolgens getest middels een 
aquariumexperiment. De resultaten van dit experiment bevestigden dat hogere CH4 
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emissies plaatsvonden wanneer waterhyacint wortelde in het sediment. De ontdekking dat 
waterhyacint CH4 emissies kan versterken suggereert dat de plant beschouwd kan worden 
als een effectieve omvormer van CO2–via biomassa–naar CH4. Een deel van het uitgestoten 
CH4 is waarschijnlijk in de wortelzone van de plant geproduceerd, aangezien op daar een 
rijke gemeenschap aan CH4-producerende microben (methanogenen) is gevonden.
De microbiële gemeenschap in de wortelzone bleek daarnaast ook rijk te zijn aan CH4-
consumerende bacteriën (methanotrofen), waarschijnlijk dankzij de combinatie van O2 
verlies uit plantenwortels en hoge CH4 concentraties in het sediment. Een ander effect van 
de planten is dat ze CH4 emissies naar de atmosfeer kunnen verlagen door het tegenhouden 
van CH4 bellen. CH4 bellen, die in het sediment gevormd worden en daar vervolgens uit 
vrijkomen, worden ingevangen door de plantenwortels. Het aanwezige CH4 in de bellen kan 
vervolgens oplossen in het omringende water en daarna (deels) door microben geoxideerd 
worden. Waterhyacint beïnvloedt de broeikasgasemissies dus via biologische processen 
(zoals primaire productie en het stimuleren van CH4-productie en -oxidatie) en fysische 
processen (transport van gas door planten – vooral in ondiepe wateren – en het invangen 
van CH4 bellen in de wortels – met name in dieper water).
Mijn resultaten laten zien dat broeikasgasemissies uit dichte waterhyacintbedden over het 
algemeen lager zijn dan emissies uit open water, met name door de sterke CO2 opname 
van de planten. Het verschil tussen emissies uit open water en waterhyacintbedden laat 
echter niet eenduidig het effect van de planten zien, aangezien CH4 en CO2 emissies uit open 
water waarschijnlijk deels gedreven worden door mineralisatie van organisch materiaal 
afkomstig uit de plantbedden. In hoeverre mineralisatie van waterhyacint bijdraagt aan 
open water emissies verschilt waarschijnlijk sterk tussen systemen. Daarnaast geldt voor 
ondiepe systemen – die veel voorkomen tijdens het droge seizoen, maar in onze studie 
ondervertegenwoordigd zijn – dat CH4 transport via planten emissies sterk kan verhogen.
Waterhyacint is niet alleen van invloed op de koolstofcyclus, maar heeft ook een sterk effect 
op de cyclus van andere nutriënten. Dit bleek, onder andere, uit de verzameling microben, 
gerelateerd aan de stikstof (N) cyclus, die we op de planten aantroffen. In monsters uit 
de Pantanal kwamen vooral N-fixerende bacteriën veel voor, terwijl in de Amazone 
vooral microben voorkwamen die in verband worden gebracht met DNRA (Dissimilatory 
Nitrate Reduction to Ammonium). Ondanks dat de rol van de microbengemeenschap 
van de waterhyacint wellicht verschilt per systeem en per bioom tonen onze resultaten 
aan dat de plant en zijn rhizobioom waarschijnlijk een belangrijke rol speelt voor de 
stikstofbeschikbaarheid in tropische zoetwatersystemen.
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Ons onderzoek naar het effect van de Europese karper op broeikasgasemissies laat zien dat 
bioturbatie door de vis de CH4 emissies verlaagde. De Europese karper oefent een biologische 
en fysisch effect uit op CH4 productie. De benthivore vissen verhoogden de turbiditeit van 
het water en verlaagden CH4 emissie (zowel via diffusie als via bellen) door het inbrengen 
van O2 in het sediment. Tegelijkertijd zorgde de bioturbatie door de vissen echter voor een 
meer dan verdubbeling van CO2 emissies naar de atmosfeer. De sterke stijging van CO2 
emissies is waarschijnlijk te wijten aan het omwoelen van het sediment door de vissen. Dit 
verhoogt enerzijds de beschikbaarheid van O2 in het sediment en anderzijds resuspensie 
van organisch stof, waardoor aerobe mineralisatie en daarmee CO2 productie, gestimuleerd 
wordt.
Samenvattend laat dit proefschrift zien dat de biota een sleutelrol spelen in het bepalen 
van broeikasgasemissies uit zoetwatersystemen op lokale en regionale schaal. Bovendien 
laten de getoonde analyses zien dat de richting en de grootte van het effect van de biota 
op de broeikasgasemissies sterk afhangt van de karakteristieken van het betreffende 
watersysteem.
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